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SUMMARY
Maturation ponds are potentially the most economical and easily maintained unit process 
for the removal of faecal indicator bacteria in sewage treatment, especially when climate 
and sunlight conditions are favourable. The present study was conducted with the aim of 
improving faecal coliform (FC) and faecal streptococcus (FS) removal efficiencies in 
tertiary maturation stages of a sewage treatment plant in Southern England, where 
climatic conditions are less favourable The research used intensive field assessments 
(bacteriological, general quality and hydraulic) to identify the parameters that affect the 
bacteriological quality of the effluent from the maturation ponds, and optimising both the 
engineering design and system operation. The tertiaiy maturation ponds comprise three 
parallel maturation ponds (North, Central and South) of similar geometry and 
dimensions.
An engineering intervention was carried out to convert the South pond to three channels 
to increase the LAV ratio from 9:1 to 79:1 in order to improve hydraulic performance and 
FC and FS removal. Hydraulic tracer studies with Rhodamine WT at the plant showed 
that the dispersion number ‘d’ was reduced from 0.37 (dispersed flow) to 0.074 (piston 
flow) by this intervention under identical flow conditions. Hydraulic retention time was 
thus increased by 5 hours. As a result of the intervention FC removal increased 
substantially. When operating at 8.6 1/s and 14°C, and with approximately 10-hours 
sunlight exposure the removal efficiency was 92%. Maximum channel-lagoon efficiency 
of 99.84%, was obtained at 4.5 1/s and 19°C, when exposure to sunlight was 17 hours. 
The most important variables for FC removal were shown to be retention time followed 
by sunlight exposure. Under similar operating conditions (4.5 1/sec), delay in jet flow 
short-circuiting was increased by 86%, from 2.5 hour to 17.5 hours thus increasing the 
exposure times for all elements. As a consequence the final effluent met the WHO 
guideline of less than 1,000 FC/100ml for the first time.
It is concluded that the channel configuration produces a higher hydraulic efficiency than 
conventional maturation ponds. It is therefore recommended as a viable engineering 
solution which permits a low-cost upgrading of plant performance, requiring no 
additional land, and with minimal maintenance costs.
Key Words: faecal indicator removal, hydraulic optimisation, maturation ponds, 
reducing short-circuiting, sunlight exposure.
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1. INTRODUCTION.
1.2 Wastewater.
Wastewater is essentially the water supply of the community after it has been fouled by a 
variety of uses. Untreated wastewater usually contains numerous pathogenic and also 
contains nutrients, which can stimulate the growth of aquatic plants, and it may contain 
toxic compounds (Metcalf and Eddy, 1991).
The origins of conventional treatment came about as a result of the industrial revolution 
in the United Kingdom (UK) during the 19th Century (Frederick, 1995), and this has 
evolved into the following commonly found five-stage process:
• Preliminary treatment: Removal of grit and gross solids
• Primary treatment: Physical sedimentation.
• Secondary treatment: Biological oxidation.
• Tertiary treatment: Unit processes used to remove
pathogens and parasites, and sometimes toxic substances.
• Sludge treatment: Dewatering, stabilisation and disposal.
Conventional treatment in Europe and North America is generally considered as 
including primary sedimentation, secondary biological treatment by activated sludge or 
percolating filters, followed by secondary sedimentation. Tertiary treatment refers to 
methods applied after secondary treatment, and is less commonly used.
The enormous demands being placed on wastewater disposal facilities today have 
necessitated the development and implementation of broader concepts in environmental 
engineering in order to produce high-quality treatment with low costs. More attention is 
being given to the selection of processes that conserve energy and resources.
1.2 Maturation ponds.
Maturation or tertiary ponds 1 to 1.5 m deep serve as tertiary treatment for wastewater 
effluents from activated sludge, trickling filters or facultative ponds (Droste, 1997; Mara
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and Pearson, 1998 and Bitton, 1999). According to Droste (1997), algae are always 
present in a maturation pond. The primary function of maturation ponds is the removal of 
excreted pathogens. According to Mara and Pearson (1998), BOD removal in maturation 
ponds is small.
After treatment, wastewater may either be reused or disposed of to the environment. The 
most common means of wastewater disposal is by discharge and dilution into streams, 
river, lakes, estuaries or the ocean. If adverse environmental impacts are to be avoided, 
the quality of the treatment and dispersed effluent must be consistent with local quality 
objectives (Metcalf and Eddy, 1991).
According to Metcalf and Eddy (1991), a significant amount of money has been spent in 
USA between 1976 and 1991 on the construction of wastewater plants. Unfortunately, the 
performance of many of these facilities has not fulfilled the requirements of discharge 
permits. In many cases, newly constructed plants have had to be retrofitted or modified at 
considerable expense to meet the discharge requirements and to provide more reliable 
performance. In England improvements in the quality of bathing waters are due to 
substantial investment work that has been done at many coastal sewage treatment works 
to improve their discharges (Environment Agency from Internet, 2003) and 98.8% of the 
beaches complied with the imperative standards of the EEC Bathing Waters Directive, 
1976.
1.2.1 Factors controlling bacteriological quality.
The design of maturation ponds is based on pathogen removal. Several studies have been 
conducted to identify the factors involved in bacterial reduction, including retention time 
(Polprasert and Bhattari, 1985; Pearson et al, 1987; Frederick, 1995; Vorkas, 1999 and 
Lloyd et a l , 2002), the exposure to sun or ultraviolet (UV) light and visible light 
(Moeller and Calkins, 1980; Kapuscinsk and Mitchell, 1983; Curtis, 1990; Curtis et al,
1992 a, b; Curtis and Mara, 1994) and temperature (Marais, 1974; Ferrara and Fiarleman, 
1981; Pearson et al, 1987 and Mara and Pearson, 1998) . Each of these depends on a 
series of physico-chemical and environmental factors, namely:
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1.2.1.1 Retention time.
Retention time plays a very important role in faecal coliform removal. Several 
investigators attribute or relate the bacteriological quality of the effluent to retention time, 
indicating that removal efficiency is greater with longer retention times (Pearson et al, 
1995; Frederick, 1995; Vorkas, 1999; Lloyd et al, 2002). The equation most used 
worldwide to predict faecal coliform removal in waste stabilisation ponds is that of 
Marais (1974), which includes nominal retention time as a variable within the equation.
Fluctuations or variations in retention time would be minimal in an ideal system with a 
constant flow under controlled environmental conditions and with the best geometrical 
configuration to control short-circuiting and avoid dispersion of the flow. In reality, wind 
(Marecos and Mara, 1987; Thackston et al, 1987; Frederick, 1995; Vorkas, 1999 and 
Lloyd et al, 2002) and geometrical configuration affect the quality of pollutant removal 
(Camp, 1946; Thackston et al, 1987; Pearson et al., 1995; Matthews et al, 1997; 
Muttamara and Puetpaiboon, 1997; Vorkas, 1999 and Lloyd et al, 2002). Some of these 
investigators have carried out studies with tracers to determine the dispersion number and 
show that there is a significant increase in faecal-coliform removal efficiency when the 
dispersion number decreases. However, it was Vorkas (1999) and Lloyd et a l (2002) 
who showed that retention time increases when the dispersion number decreases.
Based on the knowledge of hydraulics and the experience garnered by these investigators, 
it may be said that the factors affecting hydraulic retention time are:
• Length/width ratio
• Variation in flow.
• Location of inlet and outlet devices
• Wind effects
• Sludge accumulation.
• ‘Dead’ space.
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1.2.1.2 The deactivating effect of sunlight.
Although the UV-B (wavelength between 280 and 320 nm) portion of sunlight plays a 
significant role in the destruction of coliforms in aquatic environments (Herndl et al., 
1993; Moeller and Calvins, 1980 and Weinbauer et a l , 1997), longer wavelengths may 
also adversely affect biological activity. Since ultraviolet light does not penetrate well 
into the water column, visible light could affect bacterial die-off. Its impact is increased 
at high dissolved oxygen concentration as well as high pH levels (Curtis et al, 1992 a, b; 
Pearson et al, 1996). In their 1987 study, Pearson et al, indicated that photosynthetically 
mediated high pH is a major factor causing faecal coliform death in ponds but not 
necessarily by high light intensities or the presence of algae alone. This mechanism has 
been explained in most texts and manuals. What is difficult to comprehend is how a high 
pH can be reached without high alga concentration, if there is a link between both 
parameters.
1.2.13 Temperature.
Marais (1974) has proposed die-off models based mainly on the effects of temperature, 
which assumes that faecal coliform removal can be modelled by first-order kinetics in a 
completely mixed reactor.
According to Mara and Pearson (1998), retention time and temperature are the main 
parameters involved in maturation pond design; faecal bacterial die-off in ponds 
increases with both time and temperature (Feachem et al., 1983). Studies by many 
researchers, such as Pearson et al (1987), in Portugal and Peru, have shown that the 
higher the temperature, the higher the faecal coliform removal.
The great majority of investigations concentrate on the parameter being studied by the 
researcher, without addressing the fact that there exists a desirable environmental 
equilibrium that may be achieved if  the factors affecting treatment are analysed, with 
low-cost and practical control of factors controllable under natural conditions. For 
example, retention time in many stabilisation lagoon systems could be controlled at low 
cost. On the other hand if it were desired to control light intensity or pH in WSPs, the
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treatment would become sophisticated and the high investment, maintenance and 
operational costs would make the treatment system unattractive. Nonetheless, the 
contributions of each investigation effort are useful; furthermore, they may be introduced 
into new research and managed skilfully using a practical approach.
It has been pointed out that most sanitary engineers design WSPs with the equations and 
recommendations given in texts or manuals, without a prior study of water and sewage 
characteristics and without prior records of temperature (Marais, 1974; Brissaud et al., 
2002), or wind velocity and direction (Vorkas, 1999; Lloyd et al., 2002; Brissaud et al., 
2002; Archer and Mara, 2002), i.e., without prior knowledge of some of the 
environmental factors that impinge on treatment quality. In addition to the fact that many 
of the equations traditionally used in designs predict optimistic faecal coliform removal, 
this leads to the existence of facilities with inappropriate design and operations that entail 
low treatment efficiency (Lloyd et a l, 2002; Konig et al., 2002). This does not imply that 
treatment in all plants is inefficient, but that the rehabilitation of each plant is an 
individual case that must be investigated in detail, since operation, maintenance and 
design vary from one plant to another.
Rehabilitating a treatment plant to improve the bacteriological quality of the effluent 
means trying to guarantee compliance with the maximum permissible levels for reuse 
(1000 faecal coliform cfu/100 ml) recommended by WHO (1989) and for EEC Directive 
of Bathing Water (1976).
The microorganism deactivation curve (Figure 1) is a negative exponential whose first 
part is linear then inflects to finally become an asymptotic or parallel line to the X-axis
The shape of tailing off (Figure 1) indicates that faecal coliform removal will be faster in 
the linear portion than in the part asymptotic to the X-axis. Tertiary treatment, therefore, 
should remove any faecal coliforms that were not removed in the stages prior to this 
treatment. The faecal coliform concentration received for tertiary treatment varies 
considerably, depending on the removal efficiency of the previous treatment stages, as 
can be seen from the following example Table 1.
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Table 1 Influent to tertiary lagoon from different previous treatment stages.
Inlet
m aturation
ponds
FC (cfu/100 ml)
Outlet
m aturation
ponds
FC (cfu/100 ml).
P re-tertiary  
type of treatm ent
Source
G ineb ra-
Colonibia
1.00 x 106 9.62x104
(1 m aturation pond)
Anaerobic and 
facultative pond
Vorkas
(1999)
M aracaibo-LU Z
Venezuela
3.5 x 106 5.2 x 104
(2 m aturation ponds in 
series)
Facultative
pond
B otero et al. 
(1997)
Holmwood-
England
7.2 x 104 5.6 x !04
(2 m aturation ponds in 
parallel)
Conventional plant 
(primary and 
secondary 
treatment with 
percolating filters)
Salter et al. 
(1999)
The bacteriological quality of the effluent, together with operation and maintenance, 
should be diagnosed (Lloyd et al., 2000) before rehabilitating tertiary treatment.
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-x
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Figure 1. Types of inactivation curves observed for microorganisms.
Source: Maiere/ al., 2000
Shoulder
Ideal, first order
Rapid, initial 
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1.3 Definition of the Problem.
There is increasing concern about pathogen levels in sewage effluents particularly where 
effluents are used for agriculture plus recreational purposes.
Pathogen removal is an increasingly important objective for municipal wastewater 
treatment plants, whereas several research studies have shown unacceptable high 
pathogen indicator concentration values in treatment-plant effluents (Botero et al, 1997; 
Salter et al, 1999; Lloyd et al, (2000) and Lloyd et al, 2002). A complete evaluation 
must be carried out at the treatment plant in order to identify which stages and factors 
reduce performance.
Some studies have suggested that plug-flow models are more efficient than completely 
mixed ones in terms of bacterial removal (Polprasert et al, 1983; James, 1987 and 
Juanico, 1991). The ideal residence pattern for pathogen removal in most treatment 
basins would be plug flow. Dispersion caused by unsteady flow rates, vegetation, 
length/width ratio, shape and depth, wind, inlet and outlet effects, and shear stresses at 
Lthe sides and bottom cause substantial water parcels to short-circuit, as conditions such as 
sediment build-up and/or wind speed and direction change (Thackston et a l, 1987; 
Marecos do Monte and Mara, 1987; Moreno, 1990; Agunwamba et al, 1992; Yanez, 
1993; Frederick and Lloyd, 1995; Vorkas 1999; Lloyd et al, 2002; Archer and Mara, 
2002).
Re-designing the system engineering such that it will approximately allow plug flow 
could control the reduction of the factors affecting flow dispersion. Juanico (1991) used a 
mathematical model to simulate a complete perfect mix and a perfect plug flow. He 
showed that plug-flow ponds produced more than 4 orders of magnitude less bacteria 
than perfectly mixed ponds. Lloyd et a l (2002) introduced channels and windbreaks in a 
real maturation pond in order to produce plug flow and to reduce the possibility of short- 
circuiting; this increased pathogen removal efficiency from 90% to 98%.
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1.4 Rationale.
• Sewage-treatment plants with maturation ponds do not always produce 
microbiologically safe effluents for bathing or for agricultural and aquacultural 
reuse.
• Generally, maturation-pond engineering design does not have reliable design 
rules.
• In general, the hydraulic performance of maturation ponds is not optimal for 
faecal coliform removal.
• Real hydraulic retention time is known only in a few plants and yet it is a very 
important parameter for faecal coliform removal.
1.5 Hypothesis.
Bacteriological efficiency can be improved by first identifying which treatment steps are 
deficient, using a diagnostic evaluation methodology and then carrying out engineering 
interventions in order to rehabilitate and maximise the performance of defective stages.
1.6 Aims.
• To select sewage treatment plants for study with tertiary ponds that have a potential 
for improving bacteriological treatment efficiency.
• To develop and apply a diagnostic evaluation methodology to identify deficiencies in 
faecal coliform removal performance.
• To cany out hydraulic tracer studies in the maturation ponds to identify real hydraulic 
retention time and to identify unsatisfactory hydraulic efficiency.
• To identify the causes of under-performance and assess impact on receiving water 
and bathing beaches.
• To carry out engineering interventions on maturation ponds and assess changes in 
performance.
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1.7 Overall objective.
To improve the performance of sewage-treatment ponds and meet reuse and bathing 
water standards.
To propose the implementation of economical engineering solutions to improve 
hydraulic behaviour and, consequently, faecal coliform removal.
1.8 Brief description of the treatment system selected for study.
Lidsey sewage treatment plant is located in southern England, near the town of Bognor 
Regis (Figure 2). It consists of a conventional treatment plant comprising 4 primary- 
settlement tanks, 7 percolating-filter beds and 4 humus tanks with tertiary treatment by 3 
maturation ponds. The final effluent is discharged into a small stream called the 
Aldingboume/Lidsey Rife (Photo 1).
The Centre for Environmental Health Engineering (CEHE) of the University of Surrey 
has been working with Southern Water at Lidsey sewage treatment plant to improve 
faecal coliform and faecal streptococcus removal efficiency in the tertiary stages of the 
treatment process. The present research involves the application of a continuous field 
assessment (bacteriological and hydraulic) operating with different flow conditions, with 
a view to identifying which operational and hydraulic variables affect the bacteriological 
quality of the effluent from the Lidsey sewage treatment plant maturation ponds, and 
optimising the engineering design and system operation under natural conditions.
The tertiary stages of the plant entail three parallel maturation ponds of similar geometry 
and dimensions. These were termed the North, Central and South lagoons (Figure 3).
The Lidsey plant was selected for study because it provides an ideal layout for comparing 
the results obtained from modifying lagoons in identical climatic conditions. This 
maturation-pond system is flexible —it can be operated and analysed under different flow 
conditions— which will allow ample information to be gathered as support for defining 
the best operational condition(s) to produce an effluent that complies with permissible
10
NFigure 2. Plan view of Lidsey sewage treatment plant.
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levels for recycling, WHO (1989), as well as with the requirements o f the EEC Bathing 
Waters Directive (1976). The study also sets out to determine the effect o f the hydraulic- 
flow patterns on the performance o f maturation ponds.
Photol. Lidsey sewage treatment plant.
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Depth = 1.10 in
7.25 m
1.35 m
CENTRAL LAGOON
Depth = 0.95 m
6.25 m
2.15 it
NORTH LAGOON
Depth = 1.00 m
122.4 m
Bypass
Flow coming from treatment plant
Figure 3. Dimensions of three maturation ponds in Lidsey sewage treatment plant.
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2. REVIEW OF THE LITERATURE.
2.1 Effluent quality.
Surface water legislation in the United Kingdom is designed to protect 
controlled waters from pollution by urban runoff, industrial effluent and 
sewage effluent discharge. The Environment Agency is the body responsible 
for ensuring that EU Directives and local standards are not breached. The 
statutory documents are the cornerstones for preventing the pollution of 
controlled waters.
The EEC Directive on Bathing Waters (1976) sets water quality standards 
intended to protect the health of bathers and maintain and improve overall 
water quality. Among other things, standards are set for bacteria, which are 
indicators of pollution, typically from sewage or farm waste (The European 
Commission from Internet, 2003).
A number of factors affect bathing water quality and compliance with the 
Bathing Water Directive standards: discharges from sewage treatment works 
and storm overflows, waste from agriculture, other diffuse sources and the 
level of rainfall in the catchments. The most important factor, however, has 
typically been the presence of sewage discharges and the level of treatment 
applied to those discharges. As the larger sources of pollution are dealt with 
and minimised, other diffuse sources of pollution become more important 
when looking at further improvement in water quality (Environment Agency 
from Internet 2003).
The quality of coastal bathing water has improved in recent years due to 
substantial investment in better sewage treatment by water companies. 
Vulindlu (1999), monitored the River Wey and reported that none of the 63 
bacteriological samples monitored complied with the EEC Bathing Water 
Directive (1976). However in its report (31-07-2000), Southern Water
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indicated that, in the majority of cases monitored, the effluents from the Kent, 
Sussex and Isle of Wight plants comply with EEC Bathing Water Directive 
Standards.
The South West has 190 designated bathing waters (nearly 40% of the total for 
England and Wales), although 2 of these were closed in the 2000 and 2001 
seasons. The quality of these waters consistently exceeds the national average 
and has improved between 1991 and 2001. The Government has set the 
Environment Agency the target of improving bathing water quality to 97% 
compliance with mandatory (Imperative) standards by 2005. Compliance of 
open beaches in the South West in 2001 was over 98% (South West 
Observatory Environment from Internet, 2003).
Overall, quality has improved in England and Wales. Some 98.8% of bathing 
waters monitored in 2002 complied with the imperative standards of the EEC 
Bathing Waters Directive, 1976. The target is to achieve and then maintain at 
least 97% compliance. Some 71.8% of bathing waters monitored in 2002 
complied with the much stricter guideline compared with 25% in 1990. The 
aim is to achieve 85% compliance by 2005 with the much more stringent 
guideline standards.
2.1.1 Bacteriological standards.
The current mandatory (or EEC imperative) standards, which should not be 
exceeded, are:
• 10,000 total coliforms per 100 millilitres (ml) of water.
• 2,000 faecal coliforms per 100 ml of water.
In order for a bathing water to comply with the directive, 95% of the samples 
(i.e. at least 19 out of 20 taken) must meet these standards, plus other criteria.
Even more strict guidelines, which should be adhered to where possible, are:
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• No more than 500 total coliforms per 100 ml of water.
• No more than 100 faecal coliforms per 100 ml of water in at least 80%. 
of the samples (i.e. 16 or more out of 20).
• No more than 100 faecal streptococci per 100 ml of water in at least 
90% of the samples (i.e. 18 or more out of 20).
There is a risk that some bathing waters will pass in one year and fail in 
another due to the relatively small number of samples taken. Changes in 
quality can occur from year to year because of differences in the weather, but 
sustained year-on-year improvements are now achieved due to investment in 
new sewage-treatment schemes (Environment Agency from Internet, 2003).
Investment totalling £ 600 million in England and Wales is committed up to 
2005. It is aimed at achieving further improvements in bathing-water quality, 
targeted at over 100 sewage treatment works and several hundred storm 
overflows.
Salter et a l (1999), studied two tertiary lagoons at Thames Water Holmwood 
Sewage Treatment plant in the UK and the effluent did not comply with 
maximum permissible levels stipulated in the WHO guidelines on wastewater 
reuse or the EEC Directive of Bathing Water (1976). Rees et al. (1998) 
carried out a study of the bacteriological quality of some beaches in the UK, 
Greece, Italy and Spain. The fact that several of the Mediterranean and UK 
beaches examined in that study were European Blue Flag beaches and that, on 
occasions, their water quality failed to meet the criteria for that award, clearly 
suggests that the guarantee of bather safety in such award schemes is far from 
absolute.
According to the CEPIS technical sheets from Internet, (2002), in the Latin 
American and Caribbean Region, where the sewage service covers only 49% 
of the population, more than 40 million cubic meters of wastewater are 
collected and discharged into rivers, lakes and seas every day. Less than 10%
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of the wastewater collected receives any treatment before being discharged 
into surface waters or before it is used for irrigation. Wastewater used for the 
irrigation of edible crops therefore poses a risk to the health of the population. 
The endemic diseases that prevail in Latin America —diarrhoea, parasitism, 
typhoid fever and salmonellosis, to which cholera was added in 1991—  
demonstrate how critical the situation is.
Some environmental engineers have therefore dedicated their efforts to the 
search for feasible solutions designed to protect bodies of water (rivers, seas 
and lakes) —including those destined for recreation or bathing— from this 
constant pollution, from both the aesthetic and biological point of view. In 
spite of significant advances in science and technology, however, there are 
still many contaminated bodies of water nowadays. If the Latin American 
problem is compared with the one in Europe or the UK, one can see that the 
problem situation is less dangerous in the UK, since it is a developed country, 
and sewage and wastewater are less often discharged untreated directly into 
bodies of water. The problem facing the engineer or researcher in the UK is 
limited to searching for practical and economic solutions that would enable 
them to achieve a better bacteriological quality and comply with the 
regulations governing effluents from plants that discharge into controlled 
bodies of water (coastal zones, rivers, lakes), because a range of technologies 
already exist. However, many researchers, such as Salter et al. (1999) 
examining the tertiary lagoon at Holmwood, UK, and Botero et a l (1997) 
examining the WSPs at La Universidad del Zulia (LUZ), Venezuela, limit 
themselves to indicating whether or not the plant effluent complies with 
regulations. They propose possible operating conditions or engineering 
interventions to improve effluent quality and, therefore, the bacteriological 
quality of rivers and beaches. The evaluation of treatment systems is the main 
stage in any research project, because the results will provide the basis for
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applying corrective measures to develop practical engineering projects 
designed to improve plant efficiency.
In England, bacteriological monitoring should in future be included in the 
routine monitoring of wastewater plants discharging water into bodies of water 
as a preventive measure to safeguard bathing-water quality.
2.2 Overview of stabilisation ponds.
The process of sewage treatment by waste-stabilisation ponds is normally 
considered as unconventional by the industrialised world. The initial use of 
lagoons for the treatment of sewage in the United States (USA) apparently 
resulted from an emergency discharge into a basin dug in an old creek bed at 
Santa Rosa, California in 1924 (Caldwell, 1946). In the USA, there are almost 
7000 waste-stabilisation ponds being used for wastewater treatment (US EPA, 
1983). Marecos do Monte (1992) reported that waste stabilisation ponds can 
be found in 19 European countries: Sweden, Finland, Denmark, Holland, 
Belgium, Germany, Switzerland, Poland, Hungary, Czechoslovakia, Romania, 
USSR, Turkey, Cyprus, Italy, France, Spain, Portugal and the United 
Kingdom. Although often referred to as “unconventional” throughout the 
world, waste-stabilisation ponds are acknowledged and accepted as efficient, 
low-cost methods of domestic and industrial wastewater treatment (Mayo, 
1989; Curtis, 1990; Frederick, 1995; Mara and Pearson 1998; Mara 1996 and 
Nelson, 2002).
It should be pointed out that this type of system is not however very efficient 
at removing suspended solids (Metcalf and Eddy, 1991). Rather, it generates 
them, because of algae growth (Bracho et al, 1997) — which is in many cases 
excessive— with chlorophyll concentrations of up to 2000 pg/1 (Mara and 
Pearson, 1998). The total/soluble ratio of algae BOD and COD is between 2 
and 2.5 (Bracho et al, 1997). This means that often BOD, COD, and SS will 
exceed the maximum permissible levels required by regulations for discharge
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into a receiving body (Bracho et al., 1997; Johnson and Mara, 2002; and Lloyd 
personal communication).
2.2.1 Waste Stabilisation Ponds (WSP).
Treatment of wastewater in ponds is probably the most ancient means of waste 
treatment known to humans (Bitton, 1999).
Stabilisation ponds, often referred to as lagoons or oxidation ponds (Metcalf 
and Eddy, 1991; Droste 1997 and Bitton, 1999), are holding basins where 
natural processes stabilise the waste and pathogen die-off occurs. Ponds may 
not necessarily be artificially aerated. They are suitable for treatment of 
municipal and many industrial wastes (Droste, 1997).
Waste stabilisation ponds are classified as facultative, aerobic, aerated, high- 
rate aerated, and maturation ponds (Warren and Hammer, 1998; Hawkes, 
1983; Nathanson, 1986 and Metcalf and Eddy, 1991).
According to Mara and Pearson (1998), a WSP system comprises a single 
series of anaerobic, facultative and maturation ponds or several such series in 
parallel. In essence, anaerobic and facultative ponds are designed for BOD 
removal and maturation ponds for pathogen removal, although some BOD 
removal occurs in maturation ponds and some pathogen removal in anaerobic 
and facultative ponds. In general, maturation ponds will be required only 
when:
a) The treated wastewater is to be used for unrestricted irrigation and 
therefore has to comply with the WHO guideline of < 1000 FC/100 ml.
b) For bathing water (EEC Directive of Bathing Water, 1976)
The design of an oxidation pond system, as with most wastewater treatment 
processes, is directly related to the environmental water body receiving the
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final effluent. For instance, an effluent that will be disposed o f by river 
discharge will have different quality requirements from that which will be 
reused for irrigation o f food crops (Frederick. 1995). Faecal coliform bacteria 
removal by conventional treatments is normally in the 90%-98% range 
(Carrington. 1980) while removal in waste stabilisation pond systems are often 
99.99% (Mara. 1976; Mara and Pearson, 1998). A comparison o f pathogen 
survival in effluents from conventional treatment works and a typical waste 
stabilisation pond system is reported in Table 2.
Table 2. Summary of typical potential pathogen concentration range 
surviving in effluents after various sewage treatment processes
(adapted from Lloyd. 1982)
Treatment Process E  .colU litre Salmonella! litre Enteric viruses/litre
1. Primary sedimentation. 105-107 102-103
o1cnO
2. Percolating filter with 1 & 
2 sedimentation.
r-Oio 102-103
Oi<No
3. Activated sludge with 1 & 
2 sedimentation
104-106 0-1 o2 10-104
4. Raw sewage stabilisation 
ponds with 3 cells and 15- 
25-day retention.
10-104 0-10 0-10
2.2.1.1. Pond Types.
A definition o f the most frequently used lagoons will now be given:
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Anaerobic ponds.
Anaerobic ponds are commonly 2-5 m deep and receive a high organic loading 
(usually > 100 g BOD/m3d, equivalent to > 3000 kg/ha.d for a depth of 3 m) 
that they contain no dissolved oxygen and no algae (Mara and Pearson, 1998).
They function much like open septic tanks, and their primary function is BOD 
removal (Mara and Pearson, 1998). Process design is usually based on 
organic-loading rates and hydraulic residence time (Metcalf & Eddy, 1991).
Anaerobic ponds can work well: a properly designed and not significantly 
under-loaded anaerobic pond will achieve around 40% BOD removal at 10°C 
and over 60% at 20°C. Retention times are short: for wastewater having a 
BOD of 300 mg/1, for example, 1.5 days nominal retention time are sufficient 
at 15°C (Mara and Pearson, 1998). The wastes that are added to the pond 
settle on the bottom. The partially clarified effluent is usually discharged to 
another treatment process for further treatment (Metcalf and Eddy, 1991; 
Bitton, 1999)
Facultative ponds processes.
Facultative ponds are the most common type. They are between 1 and 2.5 m 
deep (Droste, 1997; Mara and Pearson, 1998; Warren and Hammer, 1998).
As shown in Figure 4, there are three zones in facultative ponds:
• A surface zone where aerobic bacteria and algae exist in a symbiotic 
relationship.
• An anaerobic bottom zone in which accumulated solids are decomposed 
by anaerobic and facultative bacteria, and
• An intermediate zone where facultative bacteria predominate (Metcalf and 
Eddy, 1991; Droste, 1997).
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Figure. 4 Schematic representation of waste-stabilization pond
processes.
A dopted  from: M etca lf & I xldy ( 19 9 1)
This is a highly simplified description since mixing processes are constantly 
changing the zonation.
Facultative ponds are o f two types: primary facultative ponds, which receive 
raw wastewater, and secondary facultative ponds, which receive settled 
wastewater (usually the effluent from anaerobic ponds). They are designed for 
BOD removal on the basis o f a relatively low surface loading (100-400 
kg/ha.d) to permit the development o f healthy algal population, as the oxygen 
for BOD removal by the pond bacteria, mostly generated by algal 
photosynthesis predominates (M etcalf and Eddy, 1991: Droste. 1997). As a 
result o f the photosynthetic activities o f pond algae, there is a diurnal variation 
in the concentration o f dissolved oxygen. In response to photosynthetic 
activity, the dissolved oxygen level gradually rises after sunrise, reaching a 
maximum in mid afternoon, then falling to a minimum when photosynthesis 
ceases during the night (see Figure 5). The oxypause position (depth at which
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the dissolved oxygen concentration reaches zero) undergoes a similar change, 
as does pH, since at peak algal activity carbonate and bicarbonate ions react to 
provide more carbon dioxide for the algae, thus leaving an excess of hydroxyl 
ions. As a result, pH can rise to above 9, which kills faecal bacteria efficiently 
(Curtis et al., 1992a).
Figure 5 presents daily variations in pH, temperature and DO in one of the
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Figure 5. Temperature, pH and dissolved-oxygen variations in the 
facultative lagoon at La Universidad del Zulia, Venezuela.
Source: Rracho e t  al. ( 19951
three facultative lagoons in the stabilisation lagoon system at La Universidad 
del Zulia (LUZ), Maracaibo-Venezuela which is made up of three parallel 
series of three facultative and six maturation ponds with a 20-day total 
nominal retention time. It can be seen that pH variations oscillated between 7 
and 11, with dissolved oxygen concentration reaching up to 20 mg/1 (Bracho
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et a l , 1995). However, although no individual removal or efficiency by the 
facultative lagoon or lagoons was observed in the faecal coliform removal 
values reported by Botero et al (1997), the complete series achieved 98% 
faecal coliform removal and the concentration in the effluent was of the order 
of 4 log. It is worth mentioning that Botero took the samples very early in the 
morning, which could have affected raw-water concentration values.
M aturation ponds.
The primary function of maturation ponds is the removal of excreted 
pathogens. According to Mara and Pearson (1998) BOD removal in 
maturation ponds is small.
As stated in the Introduction, the factors most affecting bacteria removals are 
retention time, temperature and exposure to sunlight. Each of these parameters 
will now be examined in greater depth, beginning with some commentary on 
Marais’ equation, then the importance of exposure to sunlight for 
thermotolerant faecal coliform removal, retention time and, finally, the 
importance of hydraulic performance in WSPs for faecal coliform removal, 
which is the main objective of this research.
a) Marais’ equation and temperature dependence.
Marais (1974) has proposed bacterial die-off models based on the effects of 
temperature, which assumes that faecal coliform removal can be modelled by 
first-order kinetics in a completely mixed reactor.
His design equation was based on an assumed constant, which is not supported 
by experimental evidence, so the equation over-predicts the efficiency of 
faecal coliform removal and many stabilization lagoon systems built using 
Marais design equations do not comply with regulations.
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Although it is true that first-order faecal coliform removal rate constant or 
coefficient (kx) is known to be highly temperature dependent, a wide range of 
values have been reported. However, many designers still use Marais’ constant 
in designing for faecal coliform removal.
Recognising that kx is highly temperature dependent, he found that:
Where T = mean ambient air temperature, °C 
k x =  First-order faecal coliform removal constant (d'1)
Marais. recommended that pond designers use the lowest average air 
temperature of the year and apply the above equation. Upon obtaining a kx 
value, the nominal retention time needed to achieve the desired level of faecal 
coliform removal is calculated, based on the assumption of first-order removal
o
kinetics T C. and if complete mixing is assumed, then:
Where:
N e = number of faecal coliforms in effluent/100ml.
Nj  = number of faecal coliforms in influent/100ml. 
t = nominal retention time in pond (days).
The above equation is used for a single pond but, as experience has shown, 
multiple ponds in series are more efficient at faecal coliform removal:
£r = 2.6 (1.19)™ 0 )
N
N,
(3)
Where:
Ne = number of faecal coliform in final effluent/100ml.
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N, = number of faecal coliform in raw wastewater/100ml. 
t = nominal retention time in pond, days.
Kt = First-order faecal coliform removal constant (d*1) 
a = anaerobic pond 
f  = facultative pond 
m = maturation pond
n = number of maturation ponds, assuming all ponds are equal in size.
Marais (1974) recommended a minimum acceptable retention time of 3 days 
in maturation ponds in order to minimise hydraulic short-circuiting. The 
equation proposed by Marais has been employed in lagoon design for a long 
time, in spite of the limiting factor imposed by the equation — it can only be 
used for complete mixing. In reality, flow patterns different from complete 
mixing exist in stabilisation lagoons (see flow patterns, section 2.2.2).
The other limiting factor is that the equation was determined for lagoons in 
series, which limits their use for parallel lagoons. It is also worth mentioning 
that research since 1974 has shown that, apart from temperature, hydraulic 
parameters play an important role in faecal coliform removal, such as real 
retention-time-govemed flow patterns (see section 2.2.2.1 on plug flow and 
section 2.2.3.2 on dispersion). Marais assumed complete mixing as the flow 
pattern without having carried out a hydraulic tracer study, which would have 
helped him to determine real retention time and flow dispersion and enabled 
him to use them as real parameters for the foundation of his equation. As 
pointed out by Yanez (1993), the Marais’ equation is still used by project 
engineers to design maturation ponds and many systems therefore do not 
manage to achieve design efficiency, since flow behaviour is very different 
from complete mixing.
Marais (1974) found that in four ‘completely’ mixed ponds in series, each 
with about a 2.5-day retention time for a total of 10 days, there was a 99.91%
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reduction (0.09% remaining); whereas a single pond with a 10-day retention 
time produced only a 95% reduction (5% remaining). In other words, the 4 
lagoons managed to increase efficiency by > 1.5 log. Marais suggested that for 
a series o f ponds in which the reduction per pond is constant, as the percentage 
remaining decreases in geometric progression, the total-series pond retention 
time increases in arithmetic progression (see Tables 3 and 4). If  the Marais 
hypothesis were correct, the construction o f 4 stabilisation lagoons in series 
would be enough to achieve successful results to comply with maximum 
permissible reuse levels. In practice, however, this is not the case. There are 
five lagoons in the example given in Table 3. Faecal coliform removal is 
99.97% and FC concentration is 7x10 cfu/100 ml, i.e, above the maximum 
WHO (1989) permissible levels, although the nominal retention time is greater 
than 20 days.
Table 3. Geometric mean bacterial and viral numbers3 and percentage 
removals in raw wastewater (RW) and the effluents of five stabilisation 
ponds in series (Pl-P5b) at a mean mid-depth pond temperature of 26°C.
Organism Raw PI P2 P3 P4 P5
Removal
percentage
Faecal coliforms 2xl07 4 xlO6 8 xlO5 2 xlO5 3 xlO4 7 xlO3 99.97
Faecal streptococci 3 xlO6 9 xlO5 1 xlO5 1 xlO4 2 xlO3 300 99.99
Clostridium perfringens 5 xlO4 2 xlO4 6 xlO3 2 xlO3 1 xlO3 300 99.40
Campylobacters 70 20 0.2 0 0 0 100
Salmonellae 20 8 0.1 0.02 0.01 0 100
Enteroviruses 800 200 70 30 10 3 99.91
Rotaviruses 800 200 70 30 10 3 99.63
aB acterial num bers per 100 ml, viral num bers per 10 litres.
bP l w as an anaerob ic  pond w ith a m ean hydraulic retention  tim e o f  1 day; P2 and P3-P5 w ere  secondary  
facultative and m aturation  ponds respectively, each  w ith a 5-day nom inal re tention  time.
Source: Oragui et a I. ( /  98 7)
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Table 4. Theoretical bacteria-reduction percentage with ponds in series
Number of 
ponds in series
Reduction
percentage
Percentage
remaining
1 90 10
2 99 1.0
3 99.9 0.1
4 99.99 0.01
Source Marais ( I 974)
Pearson et al. (1995), managed to reduce faecal coliforms between 93.22 to 
97.69% on a pilot scale, but this was achieved using 5 maturation ponds in 
parallel with 2 lagoons in series. Retention time in each lagoon was 7, 5, 4, 3, 
and 1 days. That result was not in agreement with M arais’ suggestion (see 
Table 4) who recommended that pond retention times should be the same for 
ponds in series.
b) Exposure to Sunlight.
Some studies have found inactivation o f micro-organisms in surface water 
environments, including WSPs, to be independent o f temperature (e.g. 
Naseimiento, 1987). Alkan et al. (1995) obtained similar results, but he 
specifically points out that light intensity is an important factor for bacteria 
die-off but that it does not depend on temperature.
Many parameters are involved in the process whereby micro-organisms are 
inactivated by sunlight. Some depend on the characteristics o f the water. 
Curtis (1990), for example, found that faecal coliform removal is related to 
exogenous sensitizers, such as humic substances, in the presence o f high pH
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and DO. The same author determined that light penetration affects pathogen 
survival (Curtis 1990, Curtis et al, 1992b and Curtis and Mara, 1994). Alkan 
et al (1995), point out that, according to the depth of the water, turbidity 
determines the magnitude of light penetration and, therefore, the amount of 
radiation to which the bacteria are exposed. Although Sarikaya et a l (1987) 
and Mayo (1989) did not correlate light and turbidity, they established that 
there is a significant relationship between direct solar intensity, pond depth 
and the faecal coliform die-off rate constant. They showed that the average- 
depth die-off rate constant is inversely proportional to pond depth.
Laboratory studies showed that pH values approaching 9 or above increased 
faecal coliform removal die-off particularly under nutrient-poor conditions 
(Pearson et al, 1987). Pearson recommends shallow maturation ponds, 
because they favour the formation of the high pH conditions which prompt 
bacterial die-off and may further assist any synergistic effect between high pH 
and light (Pearson et a l , 1988 and 1995).
According to Curtis (1990) and Curtis et a l (1992a) light can only have an 
impact on FC if it is complemented by high DO and high pH. Although he 
and Pearson agree with reference to pH, (Curtis, 1990; Curtis et al, 1992a and 
Curtis and Mara, 1994) state that both conditions must be met. Curtis explains 
that H2O2 scavengers and singlet oxygen could protect the bacteria from the 
effect of sunlight, but scavengers of hydroxyl radicals and superoxides could 
not. Additionally, Curtis says that the tendency of algae to impede light 
penetration is offset by their ability to raise the pH. Although this is true, 
because it was later proved by Davies-Colley et a l (1999), what Alkan (1995) 
demonstrated (the lesser the turbidity, the greater the FC removal) is no less 
true. A superficial analysis of both conclusions seems to indicate a 
contradiction, because if algae concentration increases, so does turbidity.
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Davies-Colley et a l (1999) later identified the components of the solar 
spectrum responsible for inactivating four different faecal indicator micro­
organisms in WSP effluents. These components include UV-B (290-320 nm), 
UV-A (320-400 nm) and blue to green visible light (400-550 nm). They stated 
that all three sunlight components contributed approximately equally to the 
inactivation of enterococci and F-RNA phage, but UV-B dominated the 
inactivation of E. coli (at moderate pH) and F-DNA phage. These findings 
suggest that different mechanisms of radiation induced damage by the 
inactivation of different indicators and pathogens in WSPs as observed by 
Curtis et a l (1992 a,b). In a later publication, Davies-Colley et a l (1999) 
show that the inactivation of faecal indicator micro-organisms exposed to 
sunlight in WSP is much faster than in the dark condition. Among their 
excellent conclusions, we find:
“...iSunlight inactivation o f E .  coli is strongly dependent on DO and also 
increases strongly with p H  >8.5 (damage to the cell membranes). At lower 
pH, sunlight inactivation is independent o f WSP sensitizer and the damage is 
mainly by UV-B. Sensitizers are involved at higher p H  (photo-oxidation 
damage to DNA and other cellular components by endogenous sensitizers) ”
In a high-rate pilot scale pond (HRP) in New Zealand they showed that the 
high sunlight exposure of the pond provides rapid E. coli removal during 
daylight hours (Davies-Colley et al., 2002). In 1999, Davies-Colley et al. 
suggested that disinfection can be achieved in WSPs by increasing sunlight 
exposure, for example, by increasing retention time. This recommendation 
indicates that sunlight exposure is not an independent variable. On the 
contrary, it is directly linked to retention time which, in turn, is linked to 
increasing hydraulic performance -the objective of the present thesis.
Curtis and Mara (1994) say that the parameters that affect faecal coliform 
removal are still very much a matter of debate. However, it is difficult to set
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up real-scale isolation of each and every one of the variables in stabilisation 
ponds. For example, sunlight warms up the Earth’s surface, increasing 
environmental temperature and, consequently, pond temperature. The 
combination of light intensity, DO, pH and temperature is the result of a 
natural phenomenon —difficult to control in open ponds, where there is direct 
contact with the environment (generally, pH, DO and temperature tend to have 
similar fluctuations, see Figures 5 and 6). One can however control system 
geometry, plant operation and maintenance. One can also carry out hydraulic 
studies accompanied by engineering interventions in order to improve 
hydraulics and increase retention time and, consequently, increase sunlight 
exposure to achieve greater faecal coliform removal efficiency.
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Figure 6. Continuous records of temperature, pH and DO. Data are for the 
Ngaruawahia pond system.
Source: Davies-Colley et al. (1999)
c) Retention Time.
Davies-Colley et a l (1999) has presented a very intelligent practical 
suggestion: increasing retention time will achieve disinfection by sunlight 
exposure in WSPs.
In general, researchers consider that retention time is the most important 
parameter in stabilisation-pond design and is truly important in most equations 
that intervene in pond hydraulics (Pearson et al, 1995; Frederick, 1995; 
Vorkas, 1999; Lloyd et al, 2002).
This may be classified as:
i) Nominal or theoretical retention time and,
ii) Real retention time or hydraulic retention time .
i) Nominal retention time (t) is defined as:
The volume of water in the lagoon divided by the water inflow
Where:
V = pond volume, expressed in m , litres, etc..
*5
Q = pond flow expressed in m /s, 1/s, etc.
ii) Hydraulic retention time (tm).
In practice, hydraulic retention time is obtained with tracer studies, which 
could be biological, chemical (dyes) or radioactive.
In a full-scale system, hydraulic retention time is a function of short circuits, 
dead spaces and sludge accumulating on the bottom. To help understand how
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these factors affect retention time, a brief description of each will now be 
given.
The term “short-circuiting” has no precise technical definition, but is 
generally used to describe (a) the situation in which a portion of the flow exits 
the basins in much less time than the theoretical residence time “t” (Thackston 
et al., 1987) or (b) areas with high velocity (Horan, 1990).
There are also “dead zones” within the basins, in which velocities toward the 
outlet are considerably less than average, and in which eddy-recirculation 
currents exist (Thackston et al., 1987). The presence of dead zones adversely 
affects the overall treatment efficiency of a basin, because the dead zone 
volume is unavailable to the main flow, thus reducing the mean hydraulic 
residence time for most of the inflow. Dead zones tend to occur in comers 
(Thackston et al., 1987; Moreno, 1990 and Horan 1990), and areas behind 
baffles or obstmctions sheltered from the mixing effects of wind (Thackston et 
a l., 1987).
Sludge accumulation on the bottom occurs because of particle 
sedimentation. This sludge affects the volume of water within the lagoon, 
minimum when the system is new or receives periodical sludge-removal 
maintenance, wide-ranging when the system does not receive adequate 
maintenance.
Hydraulic retention times in a basin are usually measured by a dye tracer test 
(Ferrara and Harleman, 1981; Kilani and Ogurombi, 1984; Thackston et al., 
1987; Yanez, 1993, Smith et al., 2002), in which a quantity of dye is 
introduced at once into the inflow, and concentration is monitored as a 
function of time at the outlet (Thackston et al., 1987; Yanez 1993, Matthews 
et al., 1997). The dye concentration curve at the effluent versus time is 
identical to frequency distribution of residence time (Thackston et al., 1987, 
Matthews et al, 1997) and it can be calculated by the following equation:
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Where:
tm = mean hydraulic retention time,
Ci = tracer concentration
ti = tracer concentration measured at time “t”.
The degree o f treatment in some way depends on actual hydraulic retention 
time (Thackston et a l 1987). It has been observed, however, that many 
investigations correlate pollutant removal with nominal retention time (V/Q), 
e.g., Marais* equation (1974) or they mistakenly call “nominal retention tim e” 
“hydraulic retention time” (Pearson et a l ,  1995: and Pearson et a l,  1996) even 
though it has been shown in countless real-scale studies that hydraulic 
retention time has been much lower than the theoretical retention time (Kilani 
and Ogunrombi. 1984; Yanez, 1986; Moreno. 1990; Yanez, 1993; Vorkas and 
Lloyd. 1999 and Smith et a l,  2002), examples o f which are given in the 
following table.
Table 5. Nominal and hydraulic retention time in several stabilisation
ponds in Lima-Peru.
Facility
Type of  
pond
Area
Ha
Nominal 
retention time
(days)
Mean 
hydraulic 
retention time
(days)
Dispersion
number
‘d ’
Juan, Lima-Pcru secondary 1.44 18.84 9.94 0.75
Juan, Lima-Pcru secondary 1.44 13.13 5.86 0.43
Juan, Lima-Peru prim ary 1.20 10.32 4.85 0.68
Juan, Lima-Pcru tertiary 1.49 14.37 5.40 0.33
Juan, Lima-Peru secondary 0.40 3.78 3.46 10.91
Juan, Lima-Peru tertiary 1.32 10.74 4 .37 0.52
Juan, Lima-Peru tertiary 1.32 10.98 6.93 0.25
Juan. Lima-Peru secondary 0.88 5.52 3 .10 0.12
Source: Y anez (1986)
In biochemical reactors such as waste stabilisation ponds, BOD, settlement 
and pathogen removal efficiencies are affected by the mixing characteristics of 
the regime (Frederick, 1995). Severe short-circuiting will result in poor 
treatment (Frederick, 1995; Vorkas, 1999 and Lloyd et al, 2002). It is clear 
that the hydraulic characteristics of a wastewater pond treatment system have 
considerable influence on treatment efficiency (Horan, 1990; Frederick and 
Lloyd, 1996; Vorkas and Lloyd, 1999; Lloyd et al, 2002).
2.2.2 Hydraulic flow pattern.
2.2.2.1 Flow and mixture patterns in lagoons.
Definitions of flow patterns were developed by chemical engineers for 
chemical reactors and have been adapted to waste stabilisation pond design by 
sanitary engineers (Thirumurthi, 1969). In pond design, hydraulic behaviour is 
usually based on the assumption of plug-flow or completely mixed flow, and 
less frequently on dispersed or non-ideal flow models (Yanez, 1993). 
Consequently, removal efficiencies in WSP systems are based on equations 
related to each particular flow model and yet in most situations non-ideal flow 
prevails (Yanez 1993; Frederick, 1995).
Continuous-flow reactors may be classified as: (Thirumurthi 1969; Thackston 
et al., 1987):
I. Plug flow.
II. Complete mixing.
III. Dispersed flow.
The use of a completely-mixed model for waste stabilisation ponds has been 
supported by Marais (1974), Moreno (1990) and Torres et al. (1997, 1999). 
The plug flow model has been supported by James (1987), Juanico (1991), 
Muttamara and Puetpaiboon (1997), and Lloyd et al. (2002). Others, such as
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Polprasert and Bhattarai (1985), Agunwamba et al. (1992) and Yanez (1993) 
have supported the dispersed-flow model.
I. Plug flow pattern.
First consider an ideal case with fluid flowing through a long rectangular tank
as in Figure 7.
There is no lateral diffusion or mixing and a given mass o f liquid passes 
through the tank without lateral disturbance. No one element in the system can 
overtake another element since all are travelling with equal velocity. Chemical
Influent
Figure 7. Plug flow pattern.
engineers call this flow pattern a plug or piston flow. A chemical reactor with 
plug flow is characterised by the following formula (for first order chemical 
reactions: (Thirumurthi. 1969; Ferrara and Harleman. 198land Floran, 1990)
—  =  (6)
N.
Where:
N e = effluent concentration 
N j = influent concentration 
Kt = first-order reaction constant and 
t = nominal residence time.
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According to Saenz (1986) in most stabilisation lagoons, hydraulic behaviour 
is governed by laminar-flow laws (see Table 6). The following table presents 
some theoretical Reynolds numbers obtained in stabilisation ponds in different 
regions. It can be observed that the Reynolds number is < 500 (laminar flow).
Table 6. Empirical Reynolds numbers in stabilisation ponds.
t (hours) LUZ
Venezuela
Thailand Corinne 
USA 1
4 189 23.6 355.5
8 94.43 19.2
16 47.21 18.7
24 31.48 14.5 313.7
48 15.74 12.2
72 10.49 11.3 288.5
120 7.87 10.5
124 6.30 10.2 252.7
168 6.09 10.1 222.9
192 4.50 9.5 170.1 (
216 3.93 9.4
240 3.50 9.8
Mean. 30.47 12.9 267.22
Source: Aldana et al. (1999)
However ‘Under this flow regime, the upper layers o f  the water (to which 
algae are attracted during the day) move at a velocity equal to 3/2 the average 
velocity. Consequently, the retention time o f  the biomass in this area tends to 
be (2/3)*(V/Qf (Saenz, 1986). This indicates that the biomass in the upper 
layers is displaced at a rate that is 3/2 times greater than the average velocity 
and hence the flow pattern is not truly plug flow. Therefore, the following 
adjustment should be employed when using tim e in the plug flow equation:
(7)
The foregoing correction, based on hydraulic laws, provides N e values that are 
closer to the real ones, although some differences occur because o f wind 
action (mixing), variations in temperature and lagoon geometry (Saenz, 1986).
During the last decade, researchers such as Shilton and Kerr (1999), Vorkas 
(1999) and Barter (2002) became interested in investigating fluid velocity and 
flow movement at different depths within the lagoon. However, we only have 
information from Saenz (1986) with respect to a simple equation in which the 
impact o f surface fluid velocity may be correlated with retention time.
II. Completely mixed
According to Ferrara and Harleman (1981) and Horan (1990) a completely 
mixed reactor is one in which all flow elements are mixed instantly and 
throughout the reactor, so that the contents o f the pond are homogeneous and 
equal to the effluent concentration with dispersion d —> oo. However, in tracer 
studies very few researchers have demonstrated anything approaching a 
completely mixed situation in WSPs. The fully mixed formula is as follows:
Ni 1 + kTt (8)
Influent
V
▼ Effluent
Figure 8. Completely mixed flow.
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III. Dispersed flow.
According to Thirumurthi (1969), the dominant situation is neither a plug flow 
nor a completely mixed system, but rather an intermediate system. Wehner 
and Wilhelm (1956) derived an equation for chemical reactors that exhibit a 
non-ideal mixing property, which was introduced into sanitary engineering by 
Thirumurthi (1969), presented as follows:
Where:
e = exponent 
a = -yjl + 4 kTd
In which:
d = diffusivity constant or dispersion number (dimensionless)
D = axial dispersion coefficient (sq Mir)
U = fluid velocity (ft/hr)
L = characteristic typical particle travel path length in the tank (ft)
2 2 .2,2 Dispersion
According to Thackston et al. (1987), dispersion is caused primarily by lateral 
and vertical variations in the time-averaged local velocity. In general, these 
are higher at the surface and near the centre of the flow than at the bottom or 
near the sides. This tallies with Saenz (1986) and Vorkas (1999), who report 
greater fluid velocity at the surface, creating short circuits that generate a 
phenomenon known as “jet flow” (Ferrara and Harleman, 1981; Shilton and 
Kerr, 1999) that makes part of the flow travel swiftly from the lagoon inlet to 
the outlet.
4 a e 2d (9)
(  ° \ \
(l -  a f  e 2d -  (l -  a)2 e 2d
\
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By definition, there is no dispersion in an ideal plug flow, that is why d = 0. 
On the other hand, dispersion is infinite in an ideal completely mixed reactor. 
As a consequence, dispersion varies between zero and infinity (Ferrara and 
Harleman, 1981). The main factors that could affect dispersion in residual 
treatment units are:
• The scale of the mixing phenomenon.
• The unit geometry.
• Inlet and outlet layout type.
• Flow entry velocity and fluctuations.
• Wind energy.
Dispersion is manifested in dye tracer curves by the spread of the curve. One 
method of quantifying this is the dispersion index, d, a dimensionless number, 
which was defined by (Levenspiel, 1962) as:
crt = residence time adimensional variance 
tm = mean hydraulic residence time,
Cj = Rhodamine concentration, 
d = dispersion number.
A high ‘d’ value indicates a wide spread of flow-through times, i.e., a large 
fraction of the flow exits the basin much earlier than tm, and a large fraction 
exits much later.
(10)
2 _I
at2= ^ -T  = 2 d - 2 d 7 1 - e  *
tm (i d
in which:
a2 = residence time variance,
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Polprasert and Bhattarai (1985) proposed a dispersion-prediction formula for 
ponds, which relates the value of the dispersion number to a time series model 
parameter (tm), Kinematic viscosity and the geometric shape of the pond, i.e., 
length, width, and depth.
_  Q .m ( lm x vf (W  + 2Z)
(l w z J
(12)
Where:
L = length of lagoon 
W = width of lagoon 
Z = lagoon depth
tm = mean hydraulic retention time 
v = Kinematic viscosity
2.2.2.2.1 Dispersion factor and waste treatment efficiency.
In the sanitary engineering field, the importance of mixing characteristics, i.e., 
short-circuiting, stability, and dispersion, in terms of conventional wastewater 
treatment efficiencies was recognized by Camp (1946), almost 57 years ago 
during his work on settling-basin design.
Figure 9 is a dimensionless plot of dispersion, with the horizontal scale being 
the ratio of the actual time a certain concentration appears at outlet (t) to the 
mean hydraulic retention period of tank (tm), and the vertical scale being the 
ratio of the actual tracer concentration (C) to the concentration which would 
be obtained if the tracer slug was mixed instantaneously with the entire tank 
contents (C). Curve A is the theoretical curve for ideal dispersion in which the 
influent is dispersed instantaneously and uniformly throughout the tank 
(completely-mixed), while the vertical line at F represents what would take 
place in an idealised tank in which the flow velocity is the same throughout 
(plug-flow). Curves B, C, D, and E show the flow patterns characteristic of
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partially-mixed conditions. Similarly, the hydraulic flow patterns occurring in 
ponds with large L/W ratios normally lie between completely mixed and plug- 
flow. Ponds with relatively large L/W ratios approach the mixing 
characteristics of curves E and F and are most desirable because the 
occurrence of short-circuiting would be at a minimum and this allows a higher 
efficiency in enteric microorganism removal (Leon and Moscoso, 1996).
5.2
4.B
4 ,4
3 . 6
olio  3 ,2
2.8
2 ,4
tm
Figure 9. Typical dispersion curves for tanks.
Source: Camp (1946)
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Figure 10. BOD remaining as a percentage
Source: Thirum urth i,  1969.
The importance o f flow pattern to close to plug flow in terms o f pond 
performance is clearly seen in Figure 10. For example, at K t t = 4 (ky = first 
order reaction constant, and t = nominal residence time), about 96.5% BOD 
removal is achieved in a pond whose d value is 0.0625, while only 87% BOD 
removal would be obtained if  the d value were increased to 1.0. This is 
evidence attesting that as dispersion decreases, BOD removal increases. Kilani 
and Ogunrombi (1984); Muttamara and Puetpaiboon (1997) and Lloyd et al. 
(2002) obtained similar results for faecal coliform removal (see Table 7).
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2.2.4 Parameters that control hydraulic behaviour in WSPs.
2.2.4.1 Flow variations or fluctuations.
As shown earlier (i) the simplistic definition of nominal retention time t = V/Q 
depends on flow (Q). It is almost impossible to achieve complete control of 
the flow in a municipal plant where the inlet flow is governed by the daily 
fluctuations in water use caused by the inhabitants served by the plant.
2.2.4.2 Location of inlet and outlet devices.
The need to position and design inlet and outlet structures to minimise short- 
circuiting is recognised everywhere (Ferrara and Harleman, 1981; Moreno, 
1990; Heaven et al., 2002; Shilton and Harrison, 2002).
Pilot-scale studies, together with mathematical models are being used to 
determine the best design and the best inlet/outlet layout to reduce the short 
circuits that affect flow dispersion, as well as to minimise the jet-flow velocity 
so that its arrival at the outlet would be delayed as much as possible (Ferrara 
and Herleman, 1981; Shilton and Harrison, 2002).
One of these papers was presented by Ferrara and Harleman (1981), who 
worked with a mathematical model. They presented 13 pilot-scale cases with 
different designs and inlet/outlet locations (Figure 11), the original source of 
which was Watters et a l (1973). Six of these cases were accompanied by 
tracer studies (Figure 12).
Ferrara and Harleman analysed some of these cases:
The tracer study in pond 0-4 indicates the inefficiency of an inlet structure 
which results in strong influent jet flow, and serious short-circuiting. Test 
number P-5, inlet and outlet conduits lead to short circuiting and poor 
treatment efficiency and Test number G-2 indicates the influence of small 
length to width, L/W ratio.
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Case O -1 Case 0 - 3 Case 0 - 4 Case O -5
v
. ----------------- y JP  " ............." .....................
. i *
-r* * i 1 = ----------------------------------- ?,
Case I -1 Case 1 -5 Case M -4 Case P -5
Case P - 5 Case G - 2 Case G - 3 Case G - 4 Case G - 5
Figure 11. Pilot-scale inlet-outlet configurations tested for dye tracer studies.
Original source: Watters et al. (1973)
Source: Ferrara and Harleman (1981)
In their analysis, the authors excluded the tracer tests for cases 0-1, 0-3 and I- 
1 (Figure 12), which are very interesting cases. In these three cases, the curve 
is displaced to the right, which does not occur with the rest of the curves. This 
indicates that in these three cases the type and location of the inlet and outlet 
are the most appropriate for reducing jet-flow velocity and reducing short- 
circuits, since the flow arrived at the outlet at a later time than with the rest of 
the inlet/outlet arrangements.
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Case 0 - 3
tm/lm
Case 0 - 1
l.o
Case 0 - 4 Case I -1
1.0
t / t
tm/tm
Case P - 5
Case G - 2
tm/tm
Figure 12. Comparison of tracer study data and model predictions.
(Dotted line is for data; straight line is for mathematical model).
Source: Ferrara and Harleman, (1981)
Shilton and Harrison (2002) have been working on the same topic. They 
compared a horizontal and vertical inlet on a pilot scale, but they did not 
present any figure indicating their design and location in their article, which 
would help the reader to interpret the problem under discussion.
They included the following Figure with the results of the tracer studies, 
which will now be discussed
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Figure 13. Comparison of tracer results for the small horizontal inlet and
vertical inlet.
Source: Shilton and Harrison (2002)
Theoretically, according to Shilton and Harrison (2002), a vertical inlet would 
appear superior to a horizontal inlet. The use of the vertical inlet delays the 
violent jet flow, as well as the time to allow the tracer to reach maximum 
concentration. It is quite clear that that is a desideratum for improving the 
hydraulic behaviour of the lagoon, but one does not achieve one’s objective 
solely by recommending vertical inlets. Location and design are required, not 
only for the inlet but also for the outlet, which is exactly what Watters et al.
(1973) did.
Saenz (1986), considers that with 3 geometrically equal ponds effluent quality 
is improved, with similar location of input devices, but with different designs 
(Figure 14), because the different types of structure generate different flow 
lines. Saenz goes on to explain that as lagoons are made longer (X/W ratio! the
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type of inlet/outlet structures becomes less important and flow then becomes 
governed bv laminar-flow laws in open channels.
L = 2  W
' * Lmeos 3e 
" flujo
Figure 14. Three geometrically equal ponds 
with similar location of input devices.
Sources: Saenz (1986)
Moreno, (1990), recommends multiple inlets and outlets, as well as the use of 
diffusers to prevent short-circuiting. In opposition to this suggestion, Mara and 
Pearson, (1998), suggest that a single inlet and outlet are usually sufficient, 
and that these should be located in diagonally opposite comers of the pond 
(the inlet should not discharge centrally in the pond as this maximises 
hydraulic short-circuiting). In Mara’s opinion, the use of complicated multi­
inlet and multi-outlet designs is unnecessary and not recommended.
2.2.4.3 Geometric configuration.
Generally, the surface form of the lagoon is rectangular, with length (L) and 
width (W) dimensions (Figure 15). The three-dimensional form of the lagoon 
is that of an inverted truncated pyramid, whose depth is (Z).
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Figure 15. Configuration of the lagoon.
In some countries such as Spain (Moreno, 1990) and Portugal (Torres et al, 
1997 and 1999) WSP systems are heart-shaped, oval or irregular geometric 
forms.
According to Thirumurthi, (1974), Saenz, (1986) and Yanez, (1993) 
experimental results in stabilisation ponds have shown that complete mixing 
does not exist, only dispersed flow, and that the degree of dispersion depends 
on lagoon geometry. In general, researchers associate the degree of flow 
dispersion with system geometry and with the length/width (L/W) ratio of the 
lagoon.
Ponds approaching plug-flow conditions (low d values) obviously have less 
short-circuiting and provide more time for the reactions to take place, resulting 
in better treatment efficiency (Polprasert and Bhattarai, 1985). Treatment 
efficiency is much better when d is low than when d is high (see Figure 10), 
(Thackston, 1987; James, 1987; Juanico, 1991; Leon and Moscoso, 1996; 
Vorkas, 1999 and Lloyd et a l , 2002). A low value for dispersion number “d” 
may be obtained when short-circuiting is reduced, which may be achieved by 
increasing the L/W ratio (see Figure 9, curves E and F). Some researchers 
propose the use of baffles or channels to reduce short-circuiting as well as
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dispersion in stabilisation lagoons (Thackston, 1987; Muttamara and 
Puetpaiboon, 1997; Frederick, 1995; Vorkas, 1999 and Lloyd et al., 2002)
Thackston (1987) suggests the introduction of baffles to improve the LAV 
ratio from 5-10 and reduce wind-induced or wind-generated short circuits and 
dead spaces. Muttamara and Puetpaiboon (1997) agree with Juanico and 
Thackston. Muttamara and Puetpaiboon reported that the dispersion number 
decreased by increasing flow length and number of baffles, which indicates 
conditions are more like plug-flow. Matthews et al. (1997) obtained similar 
results on a pilot scale. Matthews et al. showed that the installation of baffles 
increases retention time and contaminant removal. Frederick (1995) installed 
real-scale baffles in two maturation ponds in the Cayman Islands and managed 
to increase faecal coliform removal from 83% to 95.87%.
All the foregoing researchers conclude that short-circuiting, dead spaces and 
dispersion must be reduced in order to increase hydraulic retention time and 
faecal coliform removal in stabilisation ponds. This could be achieved if  the 
LAV ratio is increased, to produce a flow pattern very close to plug flow — 
which is the type of flow that favours faecal coliform removal.
The following are the results obtained by Kilani and Ogunrombi (1984) and 
Muttamara and Puetpaiboon (1997) with baffles, those of Lloyd et al. (2002) 
with channels, where it can be seen that the dispersion number is reduced 
when the lagoon is subdivided with baffles or channels. Note that faecal 
coliform removal increases as dispersion number d decreases. The information 
in Table 7 is evidence attesting that dispersion decreases and bacteria removal 
increases when the LAV ratio in stabilisation lagoons is increased.
Figure 16 shows another way in which baffles help: increasing LAV ratio 
retards flow exit and maximum tracer concentration. Moreover, treatment 
quality improves with baffles (Table 7 and 8 )
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Table 7. Dispersion number and faecal coliform concentration in the 
effluent of open ponds, a lagoon with 2, 3, 4, 6  & 9 baffles and a lagoon
with 3 channels.
N d tm
days
Faecal 
coliform  
cfu/100 ml in 
outlet
Type of 
system
Source o f 
information
0 0.161 4.20 They did not Pilot WSP Kilani and
3 0.126 5.98 include. with Ogunrombibaffles (1984)
6 0 . 1 1 2 7.30
9 0.096 9.10
0 0.1594 4.70 4.1x10s Pilot WSP Muttamara
2 0.1335 4.75 8.0 xlO4 with andbaffles Puetpaiboon
4 0.1154 5.4 4.9 xlO4 (1997)
6 0.1028 5.79 2.5 xlO4
0 0.790 1.06 9.62 xlO4 Full scale Lloyd et al.
3 0.656 1.26 3.9 xlO4 maturation (2 0 0 2 )pond with
channels
N =  num ber o f  baffles o r channels; 
tm =  hydraulic retention  time.
Table 8 . A comparison of the contaminant-removal percentage (%) in a 
laboratory-scale lagoon: unbaffled, 3, 6  & 9 baffles.
Parameters unbaffled
(%)
3-baffles
(%)
6 -baffles
(%)
9-baffles
(%)
BOD 79 81 8 6 89
COD 81 84 84 84
s s 43 46 51 64
Source: Kilani and O gunrom bi ( 11>84)
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Figure 16. Concentration of dye tracer in effluent ponds.
Q  Control pond; A 3  baffles pond; 6 baffles pond; X- 9 baffles pond 
^^Jource: Kilani andTTgunrombi (1984)
2.2.4.4 Wind effect.
Wind has been stated in the literature as having a major influence on the 
mixing and flow patterns in waste stabilisation ponds (Fares and Lloyd, 1995; 
Vorkas, 1999). According to Thackston et al. (1987), the constant changes in 
wind speed and direction change flow patterns quickly and greatly increase 
surface velocity (jet flow). ‘ Wind blowing from the inlet toward the outlet can 
cause the appearance o f  dye tracer in less than 5% o f the theoretical 
residence time. Thackston’s experience must be based on a particular 
inlet/outlet arrangement, not mentioned in the paper, which could have an 
impact on the initial time that the tracer takes to exit the lagoon (see 2.2.4.2).
According to the foregoing, then, the wind affects flow dispersion. However, 
Shilton and Harrison (2002) pointed out that many researchers have 
overestimated the significance of wind effect on the hydraulic behaviour of 
WSPs and underestimated the influence of the inlet. Their commentaries 
would have been valid if they had presented evidence, as did Lloyd et al. 
(2 0 0 2 ) in a full-scale plant where they demonstrated not only wind effect on
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flow dispersion, but also the effect thereof on FC removal. They developed 
their research in Ginebra-Colombia on a 67.5m x 17 m maturation pond. After 
a channel intervention, they placed windbreaks to reduce wind-induced short- 
circuiting (see Figure 17).
They reduced the conventional lagoon’s dispersion number d from 0.79 to 
0.656 with the channel lagoon, and later reduced it to 0.401 with the channel 
lagoon plus the windbreaks. As d decreased, FC removal efficiency increased 
from 90 to 96% with the channels, and greater than 98% with the channel- 
windbreak combination. This evidence therefore proves the effect o f the wind 
on dispersion and, consequently, on the treatment.
C onstructed  w ind-break Live wind-break
Figure 17. Ginebra ‘s channel lagoon plus wind-breaks.
S o u rce : l.loyd  et al. (2(1(12)
2.2.4.5 Maintenance.
Retention time is affected by many factors, among them the amount o f sludge 
at the bottom, which reduces the active lagoon volume, reducing retention 
time. This can be quickly demonstrated by an example o f a lagoon with no 
sludge and another with 20% sludge in the total volume:
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a) V = 25 m3 
Q = 24 m3/day
b) V = 0.80x25 m3 = 20 m3 
Q = 24 m3/day
V
t = — = 1.04 day
V
t = — -  0.83 day
Q
Note that retention time is reduced in the lagoon with sludge by 0.21 days,
(20%), approximately 5 hours.
Lloyd cl al. (2000). found 57.5% sludge volume in one o f the anaerobic ponds
in Mexicaltzingo-Mexico, which adversely affected faecal coliform removal.
Sum m ary
•  Effluent quality has improved overall in England and Wales in recent 
years. Some 98.8% o f bathing waters monitored in 2002 complied with 
the imperative standards o f the EEC Bathing Waters Directive (1976). 
Some 71.8% o f bathing waters monitored in 2002 complied with the 
much stricter guidelines compared with 25%  in 1990. These 
improvements in the quality o f bathing waters are due to substantial 
investment work that has been done at many coastal sewage treatment 
works to improve their discharges (Environment Agency, 2003). The 
Environment Agency (2003) will aim to achieve 85% compliance by 2005 
with the much more stringent guidelines.
• If the microbiological quality o f wastewater treatment plants is to 
improve, a diagnosis whereby the deficiency or deficiencies o f the plant 
may be identified, is required in the first instance. Once identified, the 
search must then be launched for practical and economical solutions that
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will allow optimisation of the treatment to comply with the strictest 
standards for bathing -which refer primarily to the microbiological quality 
of the water.
• Conventional plants can achieve 98% faecal coliform removal, but an
additional treatment -tertiary or polishing treatment— is required to
achieve 99.99 %. Maturation ponds constitute an economical tertiary 
treatment system that has become popular and gained acceptance in 
Europe and the United Kingdom.
• The design of maturation ponds is based on pathogen removal. Marais
(1974) has proposed die-off models based mainly on the effects of
temperature, which assumes faecal coliform removal can be modelled by 
first-order kinetics in a completely mixed reactor. This equation has been 
in use by environmental engineers since 1974 and has been reported in 
many WSP design manuals and textbooks in spite of flaws in Marais’ 
assumptions:
o Nominal retention time as t, whereas most investigators have 
demonstrated, that t is significantly greater than hydraulic 
retention time tm.
o Complete mix, with no previous study with tracers; whereas 
most investigators have demonstrated with tracer studies that 
the flow pattern prevailing in rectangular lagoons is dispersed 
flow.
There is no doubt that an equation based on a theoretical residence time 
that is greater than real time will overestimate the quality of the effluent.
• On the other hand, some investigations have produced strong evidence 
showing that sunlight exposure is the principal pathogen-removal
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mechanism in facultative and maturation ponds. Davies-Colley (1999) 
suggests that disinfection by sunlight exposure can be achieved by 
increasing retention time.
• From the aspects touched upon in this review, it may be concluded that 
most researchers agree that maturation-pond efficiency is affected by:
o Hydraulic factors 
o Exposure to sunlight 
o Temperature
• Since hydraulic efficiency and hydraulic retention time are the 
fundamental factors controlling the performance of WSPs and many 
water-treatment processes, there is a strong case for critically reviewing 
the design principles used for FC removal in WSPs.
• In a full-scale plant, the hydraulic behaviour of WSPs, as well as retention 
time are affected by sludge build-up on the bottom, dead spaces, short- 
circuits induced by the wind, the geometry and the system inlet/outlet 
design and location.
• Short-circuiting can be reduced and hydraulic retention time increased by 
increasing the L/W ratio in order to achieve near plug flow.
• Hydraulic evaluations may be developed with tracer studies. The 
dispersion number can be obtained empirically from this information. The 
percentage of dead space and short circuits can also be obtained with 
tracer studies. Flow velocity can be obtained with the support of floating 
objects and the volume of sludge in the lagoon can be calculated with the 
aid of bathymetric studies, which will also indicate the active lagoon 
volume.
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• Finally, following the rehabilitation of maturation ponds, continuous 
bacteriological and hydraulic evaluations must be carried out, which 
would enable the above-mentioned parameters to be reviewed, as well as 
others not included herein, in order to be able to apply corrective actions 
to lagoon maintenance, operation and design.
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3. RESEARCH STEPS.
3.1 Introduction.
As already stated, the main objective of this thesis is to find a solution that is both 
practical and economical that would enable sewage treatment plants to produce effluents 
that comply with the EEC Directive on Bathing Waters (1976). Careful planning, with 
logical sequencing, was applied before field work was started. The project was developed 
in three stages:
Selecting the engineering 
intervention
Evaluation of the engineering 
intervention
Diagnosing the problem in Lidsey 
sewage treatment plant.
Figure 18. Research steps.
A preliminary study was planned to carry out a diagnosis o f the plant operation and 
maintenance, as well as treatment efficiency. Design deficiencies in the system were 
identified at this stage (system geometry, inlet and outlet design and arrangement, devices 
for distributing and regulating flow, flow-measuring devices), bacteria removal, operation 
and maintenance.
Once the problem(s) were identified, an analysis o f the appropriate engineering solutions 
that would bring about an improvement in the bacteriological quality o f the treatment was
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begun. This included the implementation o f an immediate, practical, economic and 
functional solution.
Designing, building and implementing the engineering solution selected was then 
undertaken. This phase o f the project included the search for resources and financial 
support for building the engineering intervention.
The final stage, “Evaluating the Engineering Intervention”, was the longest and most 
important part o f the project. This stage consisted o f bacteriological and hydraulic 
evaluations. It also included a most important search for experimental evidence that 
would serve as scientific support for explaining the faecal coliform removal mechanism. 
This topic had not been set within the objective framework o f the present thesis, but one 
is aware that questions and uncertainties are constantly arising -questions that must be 
clarified with evidence and linked to the research objectives in order to be able to offer a 
real contribution to the advancement o f science and technology.
3.2 Diagnosing the problem in Lidsey sewage treatment plant.
A visit was first paid to Lidsey in April 2000, to carry out a visual inspection, select 
monitoring points and inspect the administrative installations in order to select the area 
for laboratory work.
During the visit, the area manager for the treatment plant informed us that the Southern 
Lagoon was going to be drained for maintenance at the end o f May or beginning o f June. 
This led to really urgent planning of the preliminary phase, with May 15, 2000 being set 
as the starting. The following is an illustration o f the top priorities.
3.2.1 Rationale for each stage in the methodology for the preliminary study (Figure 
19).
3.2.1.1 Bacteriological Evaluation.
Pathogens indicators are not routinely included in wastewater-plant monitoring in 
England. Consequently, there were no records of the bacteriological quality o f the Lidsey 
sewage treatment plant influent and effluent.
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ox:
Flow
measurement
Pond operation 
and maintenance
W eekly m onitoring frequency and 
num ber o f  sam ples per day.
Selecting the m onitoring points
Rem oving sludge and vegetation 
around the lagoon
Bathym etry o f  sludge accum ulated in 
the lagoon
Bacteriological 
Evaluation o f the 
Plant
Faecal Coliform  and Faecal 
Streptococcus counts
O bserving flow control as practised by 
the plant operators
D evice to m easure flow  at lagoon inlet 
and outlet.
Selecting bacterial pollution indicators 
(faecal coliform  and faecal 
streptococcus)
D evices to  distribute and regulate the 
flow  o f  the three lagoons
Calculating and procuring materials, 
reagents and laboratory media.
H abilitating the plant laboratory
Evaluating 
bacteriological 
quality from the 
plant to Felpham  
beach, including 
the river Rife.
Figure 19. Methodology implemented for diagnosing the problem.
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A preliminary study was obviously required to determine the removal efficiency of the 
conventional treatment plant and the tertiary maturation ponds. This preliminary study 
was planned hastily and with a certain amount of urgency, since the investigation 
required the comparison o f a lagoon with sludge and one without sludge.
The other bacteriological study was conducted on the effluent from the plant until its final 
discharge onto Felpham beach, to determine the bacteriological quality o f the bathing 
water. The distance between effluent and beach is approximately 8 kilometres. The 
samples were taken from the plant effluent stream, two points on the Rife, at the 
discharge point on Felpham beach and at 200 metres from this discharge point. 
Monitoring was carried out for 4 days in August 2000.
3.2.1.1.1. Operation and maintenance.
Plant operation and maintenance affect retention time (see review, Point 2.2.4.5), which 
varies as a function o f flow fluctuations and amount o f sludge accumulated on the lagoon 
bed. Sludge accumulation and active water volume may be determined with bathymetry, 
which provides useful information for deciding on whether or not to desludge the lagoon. 
Flow rate fluctuations have to be controlled by the plant operators, and their plant 
maintenance and operating methods were observed during the preliminary phase.
3.2.1.1.2 Flow-measuring devices.
Since hydraulic retention time is o f utmost importance for faecal coliform removal in 
maturation ponds, an appropriate device, such as a weir or parshall flume (Chadwick and 
Morfett. 1999) is required in the field to determine or measure flow. Its non-existence 
makes it difficult to gather information on flow fluctuations and limits the calculation of 
nominal and hydraulic retention time.
3.3 Selecting the engineering intervention.
The engineering intervention is the phase at which the engineering design that increases 
the bacteriological quality o f the plant effluent will be selected. The alternatives proposed
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by researchers were mentioned in the review (see Table 4 and point 2.2.4 and Page 45). 
In general, however, recommendations focus on
• Adding a new lagoon.
• Inlet and outlet design and layout.
• Increasing length/width ratio.
In general, these recommendations are based on results and experiences obtained with 
pilot-scale lagoons or with computational models. A minority of researchers have based 
their recommendations on full-scale prototypes.
In a full-scale plant, selecting and designing the engineering intervention must undergo a 
very careful analysis because it involves:
• An initial investment.
• Construction (which requires non-operation of/closing down the plant during 
the construction period).
• Evaluating its effect on the treatment (investing money in research/research 
funds).
3.3.1 Advantages and disadvantages of the different engineering intervention 
alternatives.
3.3.1.1 Additional maturation ponds.
• Advantages.
Building an additional lagoon will increase retention time, which will have a positive 
effect on faecal coliform removal efficiency. Marais (1974) suggested 4 rectangular 
lagoons in series with a nominal retention time equal to 2.5 days each, with which, 
theoretically, a 99.99% removal can be achieved.
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Percentage reduction 90
Percentage remaining 10
99
1
99.9
0.1
99.99
0.01
Figure 20. Marais' proposal ( 1974) for removing faecal coliforms.
The desideratum is to achieve a 99.99% FC removal, but one must first consider the 
disadvantages o f this proposal.
• Disadvantages.
- Initial investment, additional land must be available, plus operation and maintenance 
costs. - Marais’ proposal was based on the predictions o f his equation, which was based 
on nominal retention time and assumed variables -all of which lead to an over-prediction 
o f efficiency (see review, Table 4 and Lloyd et ah, 2002).
3.3.1.2 Inlet and outlet design and layout (see review Page 45.).
• Advantages.
- Short-circuiting reduction.
- An optimal arrangement of inlets and outlets may delay je t flow exit.
- Low initial investment.
• Disadvantages.
There is insufficient research evidence -either laboratory or full-scale—  in which the 
percentage o f faecal coliform removal is quantified with inlet and outlet design and 
layout.
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3.3.1.3 Increasing length/width ratio using channels.
In a system o f functioning lagoons, L/W ratio can be increased with baffles or channels 
cross-wise and length-wise, whose hydraulic function is the same but under different 
names. This engineering solution has been put into practice in pilot-scale models, in 
computer models and in full-scale models (see Table 7. Page 52. which shows pilot and 
full-scale data).
• Advantages.
They reduce short-circuits.
They reduce dispersion.
They increase faecal coliform removal.
They increase retention time.
They do not require additional operation and maintenance.
Quickly and easily implemented.
They retard/delay jet flow exit.
• Disadvantages.
Requires moderate initial investment.
An example will show the disadvantage o f the cross-wise channel. However, some 
comments are in order.
Many researchers agree that dispersion is reduced when the L/W ratio is increased (see 
Pages 50 and 51). yet others that it is reduced by increasing the number o f baffles. In both 
cases, they are saying the same thing with different words. It is important to note that a 
change in flow velocity and direction is generated when the water crosses over from one 
channel to the other, which is undesirable. This phenomenon had previously been defined 
as short-circuiting (see Page 34).
Theoretically, the cross-wise channel creates more short-circuiting than the length-wise.
(see both channels in Figure 21)
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Maybe, the short-circuiting would be less if the number o f crossovers were reduced. No 
mention to that effect has been made in previous research, but the lengthwise channel has 
advantages over the cross-wise.
In order to determine the advantage o f the length-wise vs the cross-wise, an example will 
be worked out for a 150 m long x 15 m wide lagoon in which the L/W ratio is 90:1.
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150 m
Cross-wise channel
150 m
Length-wise channel
Figure 21. Example of channels lagoon.
Not in scale
Cross-wise channel:
a) Distance between channels W = 5 m.
b) Distance between channel opening and wall c = 5 m.
c) The number o f channels will be given by length o f the lagoon (150 m) divided by the 
channel width (5 m):
1 50/72
Then: N° of channels = ------- = 30 channels (29 crossover points)
5m
Trajectory of the water = 15 m x 30 channel = 450 m
L_ _  450m _ g0 • ] o k .
W 5m
d) The number o f channel meters to be constructed (CM) will be:
CM  = (length o f one channel -  c ) x N °  o f channels -1
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15 
m
CM = (15 m - 5 m) x (30 - 1) = 290 lineal metres of channel construction
Length-wise channel.
Points from a to c are equal.
d) The number of channels will be given by the width of the lagoon (15 m) divided by 
the channel width (5 m)
15 mN° of channels = ------= 3 channels
5m
Trajectory of the water = 150 m x 3 channel = 450 m
£  = ^  = 90:1 OK.
W 5m
e) The number of channel meters to be constructed (CM) will be:
CM = (length of one channel -  c) x N° of channels -1
CM = (150 m - 5 m) x (3 -1) = 290 lineal metres of channel construction
Note: One is subtracted (-1) from the number of channels because the lagoon walls are 
used.
It can be clearly observed that both channels represent the same length of construction for 
the same L/W ratio, which means similar construction costs. The disadvantage of the 
cross-wise channels is that the water changes directions at 27 more points than the length­
wise channel which, theoretically, could cause less short-circuiting.
3.4 Evaluating the engineering intervention.
This stage would confirm the success or failure of the engineering intervention selected. 
This entails bacteriological and hydraulic evaluations of both the experimental lagoon 
and the normal ones in order to compare the results and quantify whether or not the 
engineering intervention has had any impact on effluent quality. Figure 22 describes the 
phases to be covered at this stage.
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The bacteriological evaluations started in October 2000 and ended in August 2002. They 
were run together with the physicochemical parameters.
The hydraulic evaluations began with determining surface velocity o f the fluid in 
February 2001 and the last tracer study was run in May 2002.
Chlorophyll determination was not included in the initial planning because it had not 
been considered within the scope o f this investigation. However, some uncertainties 
concerning the faecal coliform removal mechanism in lagoons and their connection with 
retention time arose during the final period of the experimental study. It had previously 
been observed that sunlight exposure (see sunlight exposure on review, point 2.2.1 (b)), 
has a positive influence on FC removal, but there was no experimental evidence to shed 
light on the results.
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original lagoon and in the lagoon 
with intervention
D eterm ine FC and FS removal 
efficiency w ith d ifferent retention 
times
D eterm ine FC and FS rem oval 
efficiency at d ifferent seasons 
during  the year.
D eterm ine FC and FS d ie-o ff 
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Hydraulic Evaluation in the 
original lagoon and in the 
lagoon with intervention
D eterm ine surface velocity o f  the 
fluid w ith floating object (orange)
D eterm ine velocity a t a depth o f  
2 5 ,4 5  and 60 cm in the fluid with 
drogues
. D eterm ine nom inal retention time.
Tracer study to determ ine mean 
hydraulic retention, and 
d ispersion num ber d.
D eterm ine sludge accum ulation 
on lagoon bed.
Chlorophyll and light penetration.
Tem perature, pH, DO, SS, NH. 
turbidity.
O ther param eters determ ined 
sim ultaneously with the 
bacteriological and hydraulic 
evaluation
Figure 22. Parameters considered for the evaluation of the 
engineering intervention.
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4. DIAGNOSTIC METHODOLOGY.
4.1 Rationale for selection of indicator organisms.
The ideal faecal indicator (WHO, 1989)
1. The presence of an indicator should denote the risk of the presence of all relevant pathogens 
and therefore should always be detectable whenever a waterborne pathogen is present.
2. Should be present in greater numbers than the pathogens, and absent when the pathogens 
are absent.
3. Should be abundant in human and animal excreta and absent from other sources.
4. Should be unable to grow in water.
5. Should survive longer than the pathogens in water.
6. Should be more resistant than pathogens to disinfectants (such as chlorine).
7. Should be rapidly and reliably isolated.
8. Easily identified.
9. Precisely enumerated.
Primary Indicators:
Thermotolerant faecal coliform group: Escherichia, Enterobacter and Klebsiella which are able to 
ferment lactose at 44 °C; but only Escherichia is always present in mammalian and bird faeces 
(WHO, 1989)
The numbers of pathogenic organisms present in waste and polluted waters are few and difficult to 
isolate and identify, whereas the coliform, which is more numerous and more easily tested for, is 
commonly used as an indicator organism. Man’s intestinal tract contains countless rod-shaped 
bacteria known as coliform organisms. Each person discharges from 100 to 400 billion coliform 
organisms per day, in addition to other kinds of bacteria. Thus, the absence of these coliform 
organisms is taken an indication that the water is free from disease- producing organisms (Metcalf 
& Eddy, 1991; Maier et al., 2000).
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Secondary indicators:
Streptococcus fecalis (faecal streptococci') -  Longer survival than faecal coliforms but often 1-2  
log lower concentration in fresh excreta and less specific faecal indicator (WHO, 1989).
The presence of faecal streptococci is evidence of faecal contamination. Faecal streptococci tend to 
persist longer in the environment than thermotolerant or total coliforms, and are more resistant to 
drying.
In this study the principle has therefore been adopted that the analysis of the above-mentioned 
indicators in the absence of measurable quantities of parasites are the most reliable indices of 
reduced risk as their removal efficiency is increased.
4.1.1 Microbiological analysis.
The thermotolerant faecal coliform group is gram-negative, and able to ferment lactose with the 
production of acid and gas within 18-48 hrs at 44 or 44.5°C. Two methods are commonly used to 
recover coliforms: The most probable number (MPN) and the membrane filtration method (Bartram 
and Ballance, 1996; Ayres & Mara, 1996; Maier et al, 2000). The technique employed to quantify 
these bacteria in the laboratory was the membrane filtration method (Photo 2). This method was 
chosen because of its proven reliability and reproducibility (Curtis, 1990; Frederick, 1995). In 
addition, it is less time consuming than the MPN method, and results are produced within 18-24 
hours (see Table 9) (ISO, 1990; Bartram and Balance, 1996 and Frederick, 1995). The medium 
used was membrane lauryl sulphate broth. Membrane filters used were 47 mm diameter, with a 
nominal pore diameter of 0.45 pm (ISO, 1990).
Faecal streptococci grow at a temperature of 37-44 °C (Bartram and Balance, 1996).
The technique employed to quantify these bacteria in the laboratory was the membrane filtration 
method. The medium recommended for the isolation and enumeration of faecal streptococci is 
Membrane Enterococcus Agar (MEA) (see HMSO, 1994).
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Photo 2. Membrane filtration method in use at Lidsey.
Table 9. Comparison of methods for faecal coliform analysis.
Factor Membrane filtration Most probable number
1. Precision & reliability Precise colony count. Large error +300 % to -3 0  %.
2. Ease of execution Simple robust media Complicated errors common (Lactose 
broth non selective)
3. Speed E.coli + coliform result between 18- 
24 hours.
Confirmed result in 3 days.
4. Equipment and media Small amounts o f  media (3ml/test) 
and equipment.
Large amounts o f  media and 
glassware.
5. Cost - Pressure cooker (50 -  100 USD)
- Membrane, Pad + media (10 cents)
- Autoclave (>2,000 USD)
- Media (10 cents)
Source: Lloyd ( 19l)7)
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4.2.1 Sampling points for monitoring.
4.2.1 The plant.
• Raw sewage inlet to the works.
• Post-primary sedimentation.
• Post percolating filters (humus tanks = common inlet to ponds).
• Outlet from each of 3 ponds (North, Central and South).
4.2.2 The plant to Felpham beach (see Figure 25).
• Plant effluent.
• Stream (next to the plant).
• Tributary River.
• River Rife.
• Felpham beach discharge (River Rife)
• Felpham beach bathing water (about 200 m from discharge).
4.3 Temperature.
Temperature readings were taken immediately the samples were collected. At first, a mercury field 
thermometer with a range of-10°C  to 50°C and 1.0°C graduations was used. The measurements 
were taken at the lagoon inlets and outlets. Later on a digital thermometer was used as component 
in a water quality logger (Grant).
4.4 Methodology of sludge bathymetry.
Monitoring of sludge deposition is important for operational purposes, as it affects the pond volume 
available for treatment, short-circuiting and retention time. Sludge accumulation in the 3-lagoon 
system was measured on 24th May, 2000, using the white-towel methods described by Malan (1964).
The height of the sludge at the bottom of the lagoon is measured with a 2-meter long 2” plastic tube 
inserted into a white sock. A tape measure strapped down with electric tape was placed on the tube 
and the sludge height was measured with the White Towel, calibrated in centimetres.
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In the field, the lagoon was divided into imaginary grid squares (between 10-12 m x 4.5-5.0 m), 
placing flags at 10-m and between 4.5-5.0 m intervals along the length and breadth o f the lagoon. 
The measurements were taken from a boat (see Photo 4). A cord was held across the boat by two 
persons, aided by the flags to place the boat in the grid. The person in the boat pushed the calibrated 
white towel into the water, first recording water, then sludge depth. The white towel was then 
washed in the lagoon water before taking the next measure. The values were recorded in a field 
book and later input into Surfer 16 for the purpose o f reproducing the bathymetry o f the bottom of 
the lagoon.
Photo 3. White towel and field book.
Photo 4. Bathymetric measurement from boat.
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9 m 13.5 m4.5 m 10.2 m 15.5 m 14.m4.65 m 9.3 m
1 0 m
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Figure 23. Diagram showing the imaginary squares.
(Not to scale)
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4.5 RESULTS OF PRELIMINARY DIAGNOSTIC.
4.5.1 Bacteriological evaluation.
The results with three operational lagoons obtained between May and July 2000 before and after 
the draining of the South lagoon, with a temperature ranging from 14°C to 20°C, are presented in 
Tables 10 and 11.
The overall performance of the treatment plant was a 99.95% removal of faecal coliform. However, 
this does not comply with permissible levels for discharge into a sea, river, lake or for reuse (WHO, 
1989) or with the requirements of the EEC Directive of Bathing Water (1976).
Raw sewage
Primary settlement
Percolating filtersSludge
storage
Humus tanks
4b
Lagoon
inlet
o o o o
o o
o o
North lagoon
Central lagoon
South lagoon
Final effluent
Figure 24. Routine monitoring sample points.
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Table 10*. Faecal coliform and faecal streptococci removal by Lidsey sewage treatment plant 
during preliminary evaluation (from 15th May to 6th June, 2000)
Raw
sewage
After
primary
settled
Inlet
lagoon
North
lagoon
Central
lagoon
South
lagoon
(1) (2) (3) (4a) (4b) (4c)
Faecal coliform 1.75xl07 9 .76x l06 1 .72xl05 3 .0 6 x l0 3 1 .73xl04 1.69xl04
Geomean (cfu/100ml) n =15 n =15 n =15 n =15 n =15 n =15
Faecal coliform removal 
(%) in each unit.
44.2 98.2 98.2 90.0 90.2
Faecal coliform removal 
(%) at plant.
99.95
Faecal streptococci 
Geomean (cfu/ 100ml)
1.97 xlO6 
n=8
No
m onitoring
3.32 xlO3 
n = 8
1.32 xlO2 
n = 8
6.3 xlO2 
n = 8
5.73 xlO2 
n = 8
Faecal streptococci 
removal (%) in each unit.
99.83 96 81.05 82.7
Faecal streptococci 
removal (%) at plant.
99.98
Table 11*. Faecal coliform and faecal streptococci removal by Lidsey sewage treatment plant 
during preliminary evaluation after draining the South lagoon (June and July 2000)
Raw
sewage
After
primary
settled
Inlet
lagoon
North
lagoon
Central
lagoon
(1) (2) (3) (4a) (4b)
Faecal coliform 1.35xl07 8 .96x l06 1.44xl05 6.92x103 3 .5 5 x l0 4
Geomean (cfu/100ml) n =30 n =30
ocoIIc oCOIIc n =30
Faecal coliform removal 
(%) in each unit.
33.58 98.39 95.16 75.31
Faecal coliform removal 
(%) at plant.
99.88
Faecal streptococci 
Geomean (cfu/100ml)
8.08 xlO5 
n=27
N o
m onitoring
9.31 xlO3 
n=27
3.58 xlO2 
n=27
1.57 xlO3 
n=27
Faecal streptococci 
removal (%) in each unit.
98.7 96.08 82.84
Faecal streptococci 
removal (%) at plant.
99.91
* T he com plete data  sets including statistics are p resented  in A ppendix No. 1
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The results before and after draining the South lagoon demonstrated that the faecal coliform 
removal efficiency of the conventional plant (primary sedimentation and percolating filters with 
secondary sedimentation) produce a 2 log reduction (99%). This is typical for this type of plant. 
However the addition of the tertiary lagoons add >1 log efficiency, at least during the summer 
months, even when only 2/3 are in operation.
Usually, only 2 lagoons are operated in Lidsey sewage treatment plant between the months of May 
and September because the third is being dewatered and desludged. Plant-effluent quality 
deteriorates from 3.06x 103 FC/100 ml to 6.92x103 FC/lOOml and from 1.73xl04 to 3.55x104 
FC/100 ml in the North and Central lagoons respectively (see Tables 10 and 11), and might affect 
the bacteriological quality of the beach where this water is finally discharged.
However, Felpham beach was monitored in August 2000 and it complied with the requirements of 
the EEC Directive of Bathing Water (1976), (see Figure 25).
Salter et al. (1999) carried out an evaluation of a similar conventional treatment plant with 
maturation ponds as tertiary treatment in Holmwood Sewage treatment in the United Kingdom. She 
demonstrated an average 4-log faecal coliform concentration in the effluent, which is similar to the 
results obtained in this evaluation. It might be concluded that a conventional plant with percolating 
filters and parallel maturation ponds as tertiary treatment is not efficient enough to achieve 
maximum permissible levels suggested inthe WHO guidelines.
4.5.2 Bathymetric surveys.
Sludge depth average was 0.12, 0.17 and 0.26 m for North, Central and South lagoons, 
respectively. The greatest depth was recorded in the South lagoon —the one that was drained for 
maintenance after this study. The data obtained from the bathymetry surveys are presented in Table 
12. The greatest quantity of sludge accumulation was determined in the first 30 metres in the North 
Lagoon measured from the inlet, and in the first forty metres in the Central and South Lagoons (see 
Figure 26. a, b, c, d, e, f) this accumulation of sludge near the inlet was an obstacle for the study 
that was later developed with the drogues at a depth of 60 cm.
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Figure 25. Map showing location of Lidsey sewage 
treatment plant and sample point monitoring from 
the plant to Felpham beach, Sussex-England.
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Table 12. Lagoon characteristics obtained from bathymetry surveys.
Raw sewage N orth lagoon C en tra l lagoon South lagoon
Sludge volume (m3) 198 323 446
Sludge level (m)
Average 0.12 
Range (0.00 -0 .2 5 )
Average 0.17 
Range (0 .1 0 -0 .3 0 )
Average 0.26 
Range (0.00 -0 .2 5 )
W ater depth (m) 1.0 0.95 1.10
Flow rate  (1/s) 40 11.28 15.00 13.77
Nominal retention 
time (day)
1.7 1.39 1.58
Summary
During this preliminary evaluation, the following was observed with respect to the functioning and 
operation o f tertiary treatment:
• Southern Water has not monitored the bacteriological quality o f the tertiary treatment 
periodically, because in developed countries microbiological contamination indicators are not 
included in routine monitoring. Therefore Southern water has no records to indicate pathogen 
removal or indicator efficiency with different retention times, under different operating flow rate 
conditions in each lagoon.
• Tertiary treatment (3 lagoons) can remove between 90 and 98 % faecal coliform and between 
81 and 96 % faecal streptococci (Table 10). The conventional plant plus tertiary treatment (3 
lagoons) can remove up to 99.98 % (Table 10).
• Each lagoon in the Lidsey sewage treatment plant is desludged once every three years during 
the maintenance period, therefore, the system operates with only two lagoons in the summer. They 
begin draining between May and June, i.e. maintenance is carried out periodically every summer, 
when there are bathers on the beach. When only two lagoons are operating, pathogen concentration 
in the effluent increases (Figure 27).
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F i g u r e  2 7 .  F a e c a l  c o l i f o r m  m e a n  ( c f u 1 1 0 0  m l )  b e f o r e  a n d  a f t e r  d r a i n i n g  o f
t h e  S o u t h  L a g o o n
(CF/100 ml)
4.00E+04-.
□  before draining
□  after draining
3.50E+04-
3.00E+04-
2.50E+04-
2.00E+04-
1.50E+041
1.00E+04-
5.00E+03-
after draining
0.00E+00
before drainingNorth Lagoon
Central
Lagoon Soutn Lagoon
• There was no device to enable adequate flow rate measurement into each lagoon.
• The lagoons are given good maintenance. Vegetation is cut and removed periodically and each 
lagoon is desludged every three years. However, the sludge is usually removed without prior 
bathymetry.
• Initially, there was disagreement within the research team over whether only two lagoons 
should work in summer, as this could reduce the bacteriological quality o f the water. However, 
beach-monitoring results (Figure 25) indicated that pathogen concentration was below the 
requirements o f the EEC Directive o f Bathing Water ( 1976).
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5. ENGINEERING INTERVENTIONS.
5.1 First intervention. Design and installation of the V-notch weirs in inlet to the 
lagoons.
In the first instance, field measurements were taken for designing the weirs in each 
lagoon. A 90° V-notch design was then selected, using the following equation:
Q = 1380.2174 h 2 5 (15)
Where:
Q = flow rate (1/s);
h = height over 90-degree V-notch (m)
Calculation and design dimensions of the three weirs were begun once the design 
equation was known (Figure 28)
Figure 28. Design of the three weirs.
ACRYLIC SHEET WEIR 
Thickness = 6 m m
297.5 mm I 297.5 mm
.90°
292 mm
1 b-
595 mm 
Central lagoon
584 mm 
North lagoon
.90°
302.5mm 302.5 mm
N
605 mm 
South lagoon
Sumy/'
595 mm 
Supplementary sheet
Weir detail
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The three 90° V-notches were then built with wood (see Photos 5) to confirm on-field 
dimensions. These samples were then taken to the Heavy-Structure laboratory, School of 
Engineering, who built the final version with 6mm acrylic sheeting.
a)
Photo 5. V-notch design and installation
5. 2. Second engineering intervention.
5.2.1. Rationale for selecting the engineering solution in order to improve the 
hydraulic performance.
The different alternatives available for improving hydraulic behaviour in stabilization 
lagoons were mentioned in Chapter 3 (Point 3.3). The length-wise channel was 
considered as the most advantageous immediate, economic and functional solution to 
rehabilitate one of the tertiary lagoons of the Lidsey sewage treatment plant.
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One of the advantages reported by Lloyd et al. (2002) and Matthews cl al. (1997) is that 
retention time can be increased as a consequence o f short-circuit reduction, which 
achieves better treatment quality (see Table 7). It was also observed in the literature that 
the exit velocity o f je t flow can be delayed/slowed down as a consequence o f the increase 
in the flow-trajectory length (see Figure 16 from KiIani and Ogunrombi, 1984).
5.2.2 Selecting the Lagoon
Lagoon selection was circumstantial. Every year, Southern Water drains one o f the 3 
lagoons and removes accumulated sludge (Photo 6). The South lagoon was drained and 
dredged in 2000 and the channels were built. Draining began in May 2000 and channel 
construction was begun and completed in September o f the same year, at a cost of 
£5,000.
5.2.3 Designing the channel lagoon.
The South lagoon o f the Lidsey sewage treatment plant tertiary treatment stage was 
temporarily converted into three similar channels (Figure 29) with a length/width ratio o f 
366 m /4.65 m, i.e. 79:1, approximately 9 times the original 9:1.
4.65 m
Stick 10 m
4.65 ni Inlet
122 m
Figure 29. Channel in the South 
Lagoon.
f N o t  t o  s c a l e f
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The input device is a rectangular concrete weir with approximate dimensions o f 11.95m x
0.45m, which were not modified (see photo 7a)
The three channels are o f similar width but different geometry and roughness: the two
with smooth VARNAMO POLYURETHANE BUTYL walls, with 1.8 m between the 
supporting wood posts. The gap at the end o f each channel is the same width as the 
channel: 4.65 m.
5.2.3.1 Details of channel construction
A temporary structure with low-cost materials was constructed because it will be 
removed at the next desludge cycle.
• Wooden 3”x3” posts and 2”x l” wooden strips were fixed to the wooden posts.
• Posts (3”x3”) were driven into the clay floor o f the lagoon at 1.8 m intervals, and
• Butyl channel dividers supported by 2”x l” wooden strips fixed to the columns with 
2” l/2x 3 mm nails (Figure 30 and Photo 7 a. b) were set up.
outer channels have the original lagoon slopes, while the central channel is rectangular,
2 ”x 1 1..8 m
o
Figure 30. Channel details.
(Not to scale)
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Photo 8 shows the South Lagoon when full, after the three channels were constructed. 
Next came evaluation o f the engineering intervention.
a)
b)
Photo 6. South lagoon desludge.
Photo 7. Channel construction in the South 
lagoon.
Photo 8. Channel lagoon one week after filling.
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6. BACTERIOLOGICAL PERFORMANCE AFTER ENGINEERING 
INTERVENTION.
The term “post-engineering intervention evaluations ” will be employed to define the 
period of all those bacteriological and hydraulic evaluations developed after the geometry 
of the South lagoon was modified. These evaluations consider not only the evaluation of 
the South lagoon but that of the North and Central as well.
This post-engineering intervention evaluation was started after the construction of the 
three channels in the South lagoon. At the end of September 2000, Southern Water began 
to fill the South lagoon slowly so as not to let the force of incoming water damage the
channel dividers. The monitoring period was started on October 26, after the system
became stable.
Evaluation took place from October 2000 to July 2002, excluding the months of Januaiy 
and December 2001, Januaiy and February 2002.
6.1 Selecting bacteriological sampling points.
The selection of the monitoring points was similar to the one for the preliminary study, 
excluding post-primary sedimentation, which was eliminated from October 2000 because 
of costs. Besides, this thesis is focused on tertiary treatment with maturation ponds and 
not on conventional treatment.
The following points were monitored:
• Raw sewage inlet to the works.
• Post PF humus tanks = common inlet to ponds.
• Outlet from each of the 3 ponds (North, Central and South).
6.2 Field methodology.
Monitoring was divided into periods, recording the following parameters:
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6.2.1 Period 1: 26th October to 7th December 2000.
The following parameters were determined:
Bacteriological: FC, FS. (membrane filtration method described in Section 4.1.1 page 73 
of Chapter 4)
Physical: temperature, flow rate, wind speed and direction.
Temperature: Taken with a mercury thermometer.
Flow rate: A calibrated rule was used to measure water height both at the inlet and outlet 
weir. Calculations were done with equation N° 15 for the 90° V-notch and equation N° 16 
for the rectangular weir:
Q = 560.3594 L h 3'2 (16)
Where:
Q = flow 1/s.
L = length weir crested (1.8m) 
h = Height over the sharp crested m.
Wind speed and direction: ELE company supplied a portable wind logger, with on-line 
recording, which was installed near the channel lagoon. The logger data were inserted 
into an Excel spreadsheet, which was used to make the calculations and plot the graphs 
(the data and the calculations are on the CD attached hereto).
6.2.2. Period 2 : 15th February to 29th March 2001.
The following parameters were determined:
Bacteriological: FC. FS 
Physical: Temperature, flow rate.
Temperature: This was measured with a Grant Logger/YSI, which can also register 
other parameters, such as pH, dissolved oxygen (DO), N H /, and turbidity. 
Measurements were taken at the lagoon inlets and outlets.
Wind speed and direction: This parameter was not determined during this period 
because the equipment broke down and was sent off for repairs.
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6.2.3 Period 3: April to November 2001.
Monitoring o f the parameters described above continued. Southern Water was also asked 
to monitor suspended solids (SS), nutrients and COD at each lagoon inlet and outlet.
Wind speed and direction: The wind logger was reinstalled in June 2001.
Plant operation: Southern Water has its own way o f operating the lagoons. They 
generally controlled fiow-rate fluctuations as a function o f the amount o f storm water 
flow.
Initially, this research was developed under Southern Water’s customary operation 
pattern. The first flow-rate regulation began in April 2001. All humanly possible efforts 
were made to make flow rate equal in the three lagoons. Unfortunately, this proved 
impossible for the following reasons:
1. The sluice gates that regulate flow inlet into each lagoon offer only two 
possibilities (see Photo 9)
a. Slow flow or
b. Fast flow.
Photo 9. Gates regulate inlet rate into each pond.
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The device at the lagoon inlet does not have the flexibility needed to produce a 
definite flow rate, as would a valve, for example.
2. Besides, the slopes of the pipes that distribute the water to the Central and South 
lagoons are steeper than the ones for the North lagoon. As a consequence, the 
flow in the North lagoon was less than the other two.
3. Finally, in this research, regulation of the Lidsey maturation pond flow rate was 
strongly restricted because they are part of the tertiary treatment of a municipal 
plant whose flow depends on the amount of wastewater produced by the 
population it serves, plus rainwater.
Draining of the North lagoon was started in May 2001, and Central and South remained 
operational. It seemed an excellent opportunity for comparing faecal coliform removal 
efficiency between the open and channel lagoons under similar flow-rate and climatic 
conditions. However, flow could not be precisely controlled, as explained above.
6.2.4 Period 4: March to July 2002.
The chief of the Lidsey treatment plant was replaced and it was impossible to contact the 
new chief. SS were therefore processed in the CEHE microbiology laboratory by the 
author, with the following methodology:
Samples (250 ml) were put through previously dried fixed-weight (Wi) Whatman 47-mm 
0  GF/C fibreglass filters. Retained suspended solids on the filter were dried at 103- 
105°C. The filter (with the sample SS) was again weighed after drying (W2). SS were 
obtained from the difference between the filter with the dried solids and the fixed-weight 
filter, divided by the volume of the sample.
SS
'm g '  
I J
= (P2 - P [)mg
1000'm l'
< J
Vsample(ml)
(17)
Monitoring of the other parameters was continued, as described in 6.2.1 and 6.2.2.
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Plant Operation: The limitations for regulating the flow-rate were mentioned in 6.2.3. 
These limitations notwithstanding, validation of the engineering intervention with the 
channels was required. This needed a fair comparison o f FC and FS removal efficiency 
between the open lagoon (North) and the channel lagoon (South) under similar flow-rate 
and temperature conditions. A practical and viable solution that would allow a similar 
flow rate in both lagoons was therefore worked out. The following procedure was 
therefore implemented:
• North Lagoon: The triangular weir installed at the inlet was removed (see figure 30). 
Removal o f the weir meant there would be no obstacle to retard the fall o f the water, 
which would then fall freely into the lagoon, thus increasing flow.
• South Lagoon: It was decided not to remove the V-notch at the inlet in order to 
produce the reverse effect, i.e., that the water would be retained behind the V-notch, 
so as to reduce the velocity o f the falling water and avoid a high flow rate in this 
lagoon.
Height o f  w ater colum n 
behind the V-notch
Figure 31. Water column behind the V-notch.
This empirical solution was adequate and functional enough to allow the development of 
the above-mentioned experiment under the same conditions with regard to flow-rate, 
wind, temperature and exposure to sunlight. It also enabled the execution o f the 
respective tracer studies to be presented in Chapter 7.
6.2.5. Frequency of monitoring.
Monitoring frequency was limited to the availability o f transport because CEHE has no 
transport service. During the preliminary study, samples were taken three times a week.
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Between 2000-2001, sampling frequency was reduced to twice a week, two or three times 
a day. In 2002, only one sample was taken per week, two or three time a day, because of 
the cost o f analyses. My sincere thanks to Gerardo Aldana and Caryn Jones for their help 
with transport.
6.3 Results and discussion.
6.3.1 Period 1: 26th October to 7th December 2000.
Temperature was recorded on each sampling day. Values varied between 9°C and 15°C, 
with an average temperature o f 11°C.
FC and FS removal efficiency in October-December are presented in Table 13.
Table 13. Faecal coliform and faecal streptococci removal by Lidsey sewage 
treatment plant and other parameters from October to December 2000.
Raw
sewage
Inlet
lagoon
North
lagoon
Central
lagoon
South
lagoon
(I) (3) (4a) (4b) (4c)
Faecal coliform 6.69xl06 4 .5x l04 1.08xl04 2 .75xl04 4 .96x l04
Geomean (cfu/lOOml) n = 28 n = 28 n = 28 n = 28 n = 28
Faecal coliform removal 
(%) in each unit.
99.33 75.94 39 -10
Faecal coliform removal 
(%) at plant.
99.6
Faecal streptococci 
Geomean (cfu/ 100ml)
5.22 xlO5 
n= 29
4.03 xlO3 
n = 31
9.6 xlO2 
n = 31
2 .01x l03 
n = 31
3.74 xlO3 
n = 31
Faecal streptococci 
removal (%) in each unit.
99.23 76.17 50.01 7.23
Faecal streptococci 
removal (%) at plant.
99.6
Temperature (°C) 11.50 11.45 11.54 11.67
Mean flow 6.96 13.91 13.54
Nominal retention time (t) 2.6 1.4 1.5
Raw data are presented in Appendix No. 3.
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Conventional treatment —made up of primary and secondary treatment (percolating 
filter)— removed a total of 98.73% and 98.07 for FC and FS. It is important to note that 
indicator concentrations in raw sewage during this period were low, 7.12x106 cfu/100 ml 
for FC and 5.99x105 cfu/lOOml for FS, compared with the summer period, because of 
floods caused by heavy and constant rain during part of the period under monitoring. 
These floods also affected tertiary treatment (Figures 32 and 33), because concentrations 
at the inlet and outlet were greatly diluted. However, overall performance of the 
conventional plant was sustained at 98-99%.
The best FC and FS removal (75.94% and 76.17%, respectively) was from the North 
lagoon. It worked with a flow rate of 6.96 1/s, while the Central and South lagoons 
worked with 13.9 and 13.5 1/s, respectively (Table 13), with 39% efficiency for the 
Central lagoon and -10%. for the South. Some results show that pathogen indicator 
removal may be associated with the nominal retention time, as can be seen from the ones 
that follow, obtained in Lidsey (see Table 13).
• North lagoon = twice Central lagoon retention time = 76% Efficiency (18)
• Central lagoon = half North lagoon retention time = 39% Efficiency (19)
This confirms the importance of retention time for faecal coliform removal (Pearson et 
al, 1995; Frederik, 1995; Mara and Pearson, 1998;Vorkas, 1999 and Lloyd et al, 2002).
Cloudy days and constant heavy rain generated adverse environmental conditions in the 
Lidsey plant during the October-December 2000 period, with great flooding around 
Lidsey (see Figure 34 for wind velocity). Faecal coliform removal was poor because of 
cloudy days, short daylight time and the strong winds typical of the winter season.
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It can also be observed that poor removal efficiency in the channel lagoon was a 
consequence of water refill under unfavourable environmental conditions -strong winds 
were recorded (up to 66 m/s), which affected surface flow velocity.
The width of the channel lagoon section was reduced from 14 m to 4.65 m. Theoretically, 
this reduction, plus an increase in wind velocity, generates a turbulence that causes the 
resuspension of solids (Howel et al, 1996). Additionally, wind-induced short circuits are 
increased (Thackston et al, 1987; Lloyd et al, 2002) and the hydraulic efficiency of the 
lagoon is possibly reduced (Thackston et al, 1987; Ferrara and Harleman, 1981). In their 
investigation, Howell et al. (1996) showed that faecal coliforms have a long survival 
period in sediments and that the growth of faecal coliforms increases when these 
sediments are again suspended. This evidence provides a possible explanation of why 
there was no bacterial removal in the channel lagoon. The other mayor factor is the 
removal of active biomass following desludging.
The flow was later reduced in April 2001 to determine whether faecal coliform removal 
could be improved in the channel lagoon. This decision proved fruitful, but improvement 
of results gradually increased regardless of the type of flow throughout the year following 
its installation.
6.3.2 Period 2: 15th February to 29th March, 2001.
In February-March, the FC removal efficiency of the conventional plant was 98.73%. 
The North, Central and South lagoons operated with a flow of 9.15, 11.65 and 12.311/s, 
respectively, during this period. Efficiency was as follows: 56.17% for the North lagoon, 
38.55% for the Central lagoon and very poor for the South lagoon (channel lagoon) 
(Table 14). During this period, the flow rates in the Central lagoon and Channel lagoon 
were slightly less than the ones they worked with during October-December. However, 
FC removal efficiency in both lagoons was less because of two important parameters:
a) A significant fall in temperature: from 11.55°C to 8.57°C. According to Marais 
(1974), this parameter is fundamental to bacteria removal.
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b) Less sunshine hours in February-March (see Figure 35): Disinfection by 
sunlight in maturation ponds was reported by many authors in the last century.
Mayo, 1989; Curtis, 1990; Curtis el al.. 1992 a.b: Herndl et al., 1993; Curtis and 
Mara 1994; Alkan et al.. 1995: Davies-Colley el al.. 1994; 1999 and 2002 have all 
looked into it at greater depth and updated the information over the past fourteen 
years
12
- Wi >4 c
- - 2'Temperature
'Sunshine
ooo© ooo o9  ?© o o o ©9 o
Figure 35. Sunshine (hours/day) & temperature °C 
from October 2000 to December 2001.
S o u rce : M et. O ffic e : R eg io n al A v e ra g e  from  E n g lan d  S E  a rea .
Figure 35 shows that temperature and sunlight hours have the same tendency -w hich 
reinforces the idea that these parameters are difficult to separate.
North lagoon efficiency was affected by the last two variables and the increase in flow 
from 6.96 1/s in winter to 9.15 1/s in February-March. In theory, exposure-to-sunlight and 
retention time are closely linked. If retention time is reduced, exposure to sunlight will 
also be reduced for the elements in the water, thus affecting the natural disinfection o f 
these waters. This reduction o f retention time, together with points a) and b) above, 
increased the deterioration o f the bacteriological quality o f the North lagoon effluent for 
the period under study.
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Table 14. Faecal coliform and faecal streptococci removal by Lidsey sewage 
treatment plant and other parameters from February to March 2001
Raw
sewage
Inlet
lagoon
North
lagoon
Central
lagoon
South
lagoon
O) (3) (4a) (4b) (4c)
Faecal coliform 7.12xl06 9.15xl04 4 .01xl04 5 .63xl04 1.06xl05
Geomean (cfu/lOOml) n = 24 n = 26
M3CNIIC 3 II tO O
n n = 26
Faecal coliform removal 
(%) in each unit.
98.73 56.17 38.55 -15.8
Faecal coliform removal 
(%) at plant.
99.5
Faecal streptococci 
Geomean (cfu/lOOml)
5.99 xlO5 
n= 25
1.15 xlO3 
n = 25
5.79 xlO3 
n = 25
8 .61xl03 
n = 25
1.05 xlO4 
n = 25
Faecal streptococci 
removal (%) in each unit.
98.07 49.80 25.31 8.88
Faecal streptococci 
removal (%) at plant.
99.6
Temperature (°C) 8.76 8.54 8.63 8.53
Mean flow 9.15 11.65 12.31
Mean turbidity (NTU) 7.2 1.8 3 2
Mean pH 7.66 7.61 7.63 7.70
Raw data are presented in Appendix No. 4.
Figures 32 and 33 show the daily variations in faecal coliform and faecal streptococci 
concentration. Note that the performance trends o f the three lagoons were similar, but 
faecal coliform concentrations in the South lagoon were generally very near the ones 
found at the lagoon inlet.
From 26-10-00 to 26-03-01, 56 samples were collected at each monitoring point (raw 
sewage) inlet for the lagoons and outlet for North, Central and South lagoons, making a 
total o f 270 samples.
Total faecal coliform efficiency from October 2000 to March 2001 was 99.06% for the 
conventional plant with percolating filters, 66.99% and 38.74% for North and Central 
lagoons, respectively.
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6.3.3 Period 3: April to November 2001.
This evaluation was started in April 2001. Sunlight hours and temperature increased in 
May (see Figure 35), a notable improvement in pathogen removal was observed in the 
lagoons, with maximum efficiency achieved in June-July (see Table 15 and Figures 36 and 
37).
Table 15. Monthly results for faecal coliform removal percentage (%) and other 
parameters for the sewage treatment plant from May to November 2001.
Raw
sewage
Inlet
lagoon
North
lagoon
Central
lagoon
South
lagoon
May T =  12.3
Q = 2.85 
T= 14.52
Q = 8.63 
T=14.52
Q = 4.45 
T= 14.52
Faecal coliform geomean 
(cfu/100 ml) 1.43 x 10 7 8.82 x 10 4 1.91 x 1 0 4 5.66 x 10 4 2.67 x 10 4
Faecal coliform removal 
(%)
99.38 78.33 35.80 69.76
June T = 17.27
Q =  8.07 
T= 18.8
Q = 4.19 
T= 19.1
Faecal coliform geomean 
(cfu/100 ml) 1.27 x 10 7 1.52 x 10 5 2.88 x 10 4 8.63 x 10 2
Faecal coliform removal
(%)
98.64 81.01 99.43
July
Q = 8.99 
T= 18.3
Q = 6.6 
T= 18.9
Faecal coliform geomean 
(cfu/100 ml) 1.8 x 10 7 2.36 x 10 5 2.96 x 10 4 3.72 x 10 2
Faecal coliform removal 
(%)
98.69 87.44 99.84
September Q = 5.43 Q = 5.93
Faecal coliform geomean 
(cfu/100 ml) 1.83 x 10 7 2.83 x 10 5 3.31 x 10 4 2.11 x 1 0 4
Faecal coliform removal 
(%)
98.5 88.3 92.5
October Q = 5.0 
T =  15.43
Q =  12.58 
T = 16.23
Q = 5.33 
T = 15.55
Faecal coliform geomean 
(cfu/100 ml) 1.2 x 10 7 1.21 x 1 0 5 2.16 x 10 4 7.7 x 10 4 1.81 x 1 0 4
Faecal coliform removal
(%)
98.99 82.10 35.7 85.03
November Q = 6.6 
T =  12.6
Q = 12.6 
T = 12.6
Q = 6.6 
T = 12.6
Faecal coliform geomean 
(cfu/100 ml) 1.37 x 10 7 9.69 x 10 4 1.33 x 1 0 4 7.75 x 10 4 9.75 x 10 3
Faecal coliform removal 
(%)
99.29 86.32 20.04 89.94
Q =  flow  1/s; T  = tem perature °C. Raw data are presented in Appendix 5.
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The results reveal the following:
1. The flow had to be reduced to enable increased efficiency in the channel lagoon.
2. Maximum efficiency (99.43 and 99.84) was achieved in the channel lagoon in June and 
July, with effluent FC concentrations of 8.63x102 and 3.72xl02, respectively. It is 
during these months that sunlight hours period increase up to 17 hours per day. It can 
be seen in Figure 35 that the highest sunshine hours/day were recorded during June and 
July. That is to say, maximum efficiency can be obtained when the high retention time 
and long sunlight period are present simultaneously (David-Colley et al, 1999), as 
occurred in the channel lagoon in June and July. The opposite effect leads to low 
removal efficiency, as occurred in the North lagoon during the Februaiy-March 2001 
period.
3. Efficiency in the South lagoon (channel lagoon) is approximately 3% greater than in the 
North lagoon (open lagoon), when both are operating with similar flow rate and 
temperature (see October results in Table 15).
4. The correlation between temperature and efficiency was 0.278, 0.484 and 0.733 for 
North, Central and South lagoons (Appendix 7), respectively. It can be observed that 
the correlation for temperature and efficiency were calculated with sufficient data, but it 
cannot be said that there is absolute dependency between these parameters in this 
research.
These results show the important role played by retention time and exposure to sunlight in 
removal efficiency. Effluent quality from the channel lagoon is good and faecal coliform 
concentration for June and July achieved permissible levels for unrestricted reuse WHO, 
(1989), and also complies with the requirements of the EEC Bathing Waters Directive 
(1976).
The information on some parameters such as BOD, SS, Nitrate as N, Ammonia as N, for 
this research was provided by Southern Water (Appendix 9). These values are only for 
May, June and July 2001. The values for DO, pH and turbidity were recorded with the 
Grant logger, during March-November, 2001, excluded August (see Appendix 8). The data 
provided by Southern Water about the physicochemical parameters for the effluent of the 
plant are included in the Appendix 10.
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Table 16. Summary of physicochemical parameters recorded from May to July 2001.
Nitrate as N
(mg/1)
Ammonia as N
(mg/1)
BOD
(mg/1)
SS
(mg/1)
pH DO
(mg/1)
Turbidity
(NTU)
Inlet 25.4 2.5 5.9 16 7.77 7.16 4.27
n =  3 n =  3 n =  3 n =  11 n =  14 n =  14 n =  10
North 8 7.55 5.78 1.5
n =  6 n =  6 n =  6 n = 2
Central 24.8 0.6 4.8 11 7.59 6.03 3.2
n =  3 n = 3 n =  3 n =  11 n =  14 n =  14 n =  10
South 24.8 0.4 4.1 5.4 7.62 6.68 1.0
n =  3 n =  3 n =  3 n =  11 n =  14 n =  14 n = 11
Raw data are presented in appendix 8 and 9.
Nitrate as N concentration was the same both in the North and South lagoons. BOD and 
SS concentration was very low, which indicates presence o f little organic matter. The 
least concentration o f solids was detected in the South lagoon. Usually, WSPs generate 
solids as a consequence o f a high algae production rate, generated during the 
photosynthesis process. In the case of Lidsey, the water is transparent with very low 
turbidity. This allows light to penetrate to approximately 1 metre. DO and pH were also 
low, which made it difficult to relate faecal coliform removal in Lidsey to the faecal 
coliform removal mechanism in sunlight, as proposed by Curtis (1990) and Curtis el.al. 
( 1992 a.b). Perhaps what occurs in Lidsey is more related to the following reports:
• Davies-Colley el al. (1999), who demonstrated that sunlight inactivation is 
independent o f WSP constituents for E. coli at lower pH, and that the damage is 
mainly caused by UV-B (internal photo-oxidation damage)
• Alkan el al. (1995), who presented evidence showing that turbidity is an important 
factor whereby the penetration of the sunlight to which the bacteria will be exposed 
for natural disinfection can be limited or increased.
I l l
6.3.4 Period 4: March to July 2002
The behaviour of the channel lagoon was much better in the 2002 period than in 2000 and 
2001 when fluctuations in flow were very great. The North lagoon (open lagoon) 
generally operated with a smaller flow than the channel lagoon, but with better faecal 
coliform removal in the latter. This behaviour changed in favour of the open lagoon only 
above 161/s (see Figure 38).
The correlation between temperature and efficiency (T&E) in the channel lagoon for this 
period was 0.079 and in the open lagoon (North lagoon) was 0.63. This last value was 
consistent with the one obtained in 2001 for both lagoons. On the other hand, T&E 
correlation in the channel lagoon was very low. A possible reason could be that T&E 
dependency diminished as the lagoon became colonised by biota.
The following table presents the monthly results for faecal coliforms: temperature 
efficiency and flow rate. During this period, the greatest efficiency was obtained in the 
channel lagoon, during the month of April, with a temperature and flow rate of 13.9 °C 
and 7.53 1/s, respectively.
The summer 2002 period was extremely rainy. Rains were constant and high flow was 
maintained both in the North and South lagoons. Cooperation from the plant operators 
was requested to reduce the channel lagoon flow to try and reproduce the working 
conditions of 2001, but the request was turned down. It therefore became necessary to 
conduct the study in the channel lagoon with more than double the flow (between 12-15 
1/s) for June and July (4.5-6 1/s) of 2002. In spite of that, faecal coliform removal was 
good, 92% and 93%, respectively. During that period the channel lagoon was more stable 
(see Figure 38 and Table 17) ie, there was better faecal coliform removal in comparison 
with the open lagoon in spite of its always operating with greater flow than the open 
lagoon. As can be seen in Figure 38, FC removal in the channel lagoon was up 50% more 
efficient than in the open lagoon.
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Table 17. Monthly results for faecal coliform removal percentage (%) and other 
parameters for the sewage treatment plant from March to July 2002.
Raw
sewage
Inlet
lagoon
North
lagoon
South
lagoon
March Q = 6.45 
T =  10.99
Q = 7.18 
T =  10.99
Faecal coliform geomean 
(cfu/100 ml)
6.45 x 10 6 6.6 x 10 4 4.31 x 10 4 1.56 x 10 4
Faecal coliform removal 
(%)
98.99 34.65 76.34
April Q = 5.81 
T= 13.9
Q = 7.53 
T= 13.9
Faecal coliform geomean 
(cfu/100 ml)
9.8 x 10 6 5.48 x 10 4 8.75 x 10 3 7.85 x 10 2
Faecal coliform removal 
(%)
99.44 84.04 98.57
May Q = 7.88 
T =  14.24
Q = 8.61 
T= 14.24
Faecal coliform geomean 
(cfu/100 ml)
9.38 x 10 6 6.8 x 10 4 2.09 x 10 4 5.34 x 10 3
Faecal coliform removal
(%)
98.27 69.48 92.19
June Q = 9.68 
T = 17.4
Q = 12.16 
T = 17.4
Faecal coliform geomean 
(cfu/100 ml)
1.06 x 10 7 6.59 x 10 4 1.42 x 10 4 4.44 x 10 3
Faecal coliform removal 
(%)
99.38 78.51 93.27
July Q =  13.83 
T =  17.4
Q =  15.89 
T =  17.4
Faecal coliform geomean 
(cfu/100 ml)
1.18 x 10 7 1.42 x 10 5 3.1 x 1 0 4 2.35 x 10 4
Faecal coliform removal 
(%)
98.8 77.7 83.46
Q = flow  1/s; T = tem perature °C. Raw data are presented in Appendix 11.
The following table presents the results for faecal streptococci removal, which show a similar tendency to 
those o f the FC.
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Table 18. Monthly results for faecal streptococci removal percentage (%) and other 
parameters for the sewage treatment plant from March to July 2002.
Raw
sewage
Inlet
lagoon
North
lagoon
South
lagoon
March Q = 6.45 
T =  10.99
Q = 7.18 
T =  10.99
Faecal streptococci geomean 
(cfu/100 ml)
4.38 x 10 5 6.47 x 10 3 3.77 x 10 3 1.22 x 10 3
Faecal streptococci removal 
(%)
98.66 41.65 81.48
April Q = 5.81 
T= 13.9
Q = 7.53 
T= 13.9
Faecal streptococci geomean 
(cfu/100 ml)
8.65 x 10 5 1.35 x 10 4 1.04 x 10 3 1.37 x 10 2
Faecal streptococci removal 
(%)
98.42 92.25 98.98
May Q = 7.88 
T =  14.24
Q = 8.61 
T= 14.24
Faecal streptococci geomean 
(cfu/100 ml)
7.61 x 10 5 7.73 x 10 3 5.23 x 10 3 9.23 x 10 2
Faecal streptococci removal 
(%)
97.78 68.16 94.06
June Q -  9.68 
T = 17.4
Q = 12.16 
T =  17.4
Faecal streptococci geomean 
(cfu/100 ml)
4.07 x 10 5 9.03 x 10 3 2.88 x 10 3 5.37 x 10 2
Faecal streptococci removal 
(%)
97.78 68.16 94.06
July Q = 13.83 
T =  17.4
Q = 15.89 
T =  17.4
Faecal streptococci geomean 
(cfu/100 ml)
5.25 x 10 5 1.93 x 10 4 4.1 x 10 3 3.63 x 10 3
Faecal streptococci removal 
(%)
96.32 78 81
Q = flow 1/s; T = tem perature °C. Raw data are presented in appendix 12.
The following are the physicochemical data recorded for the 2002 period. Note that the pH 
value was well below 9 and that turbidity was very low. As mentioned before, low turbidity 
allows light to penetrate, thus favouring natural disinfection.
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Table 19. Summary of average value of physicochemical parameters recorded from
March to July 2002.
SS
(mg/1)
pH DO
(mg/1)
T urbidity
(NTU)
Inlet 12.4 8.03 7.70 4.0
n =  9 n =17 n =  16 n =17
North 6.54 8.06 7.14 1.53
n =  9 n =17 n =16 n =17
South 5.53 8.07 6.8 1.06
n =  9 n =17 n =16 n =17
R aw  data are presented in appendix 13.
Summary
• The FC and FS removal data collected after the channel engineering intervention 
were presented in this chapter. Initially, it was difficult to make a fair comparison 
between the open and channel lagoons with similar flow rates, because o f the archaic 
sluice gates o f the inlet, which are inflexible, and therefore made it very difficult to 
regulate the flow rate. However, in Table 15 one can see that the open (Central) and 
channel lagoon were working with similar flow rates (September 2001), with channel 
lagoon efficiency being 5.2% greater. Obviously, this evidence was not sufficient to 
warrant an assurance that the channel lagoon had contributed to FC removal.
• For 2002, the comparison between the open lagoon (North) and the channel lagoon 
was along more even lines (see Table 17), because some implements were used in 
the field to regulate the flow rate (see Figure 30). During the periods in which both 
lagoons worked with the same flow rate, the channel efficiency was up to 50% 
greater than the open lagoon (see Figure 38). This performance continued throughout 
2002 even in those cases in which the channel lagoon flow rate was greater than the 
open lagoon, which provides clear proof that an increase in L/W ratio increases FC 
removal.
• The channel lagoon not only promotes the removal o f pathogens but also o f 
suspended solids (between 55 and 66%, see Table 16 and 19), thus making the
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lagoon water less turbid which, in turn, allows sunlight to penetrate all the way 
through the column o f water.
• The discussion in this chapter has also presented evidence o f the utmost importance
of retention time with respect to FC and FS removal.
• The influence o f sunlight periods and sunshine hours/day on bacteria removal was
also observed, as shown by the September 2001 and May 2002 data recorded for the
South lagoon, in which a similar removal percentage for both periods was obtained 
-but with different flow rates.
The sunshine hours/day and the channel-lagoon flow rate in May 2002 (Table 17) were 
1.5 times greater than the one in September 2001 (Table 15). This leads one to think that 
retention time could be reduced when sunshine hours/day are greater, because o f the 
disinfecting action o f the sun, as reported by researchers such as Curtis et al., 1992 a,b; 
Davies-Colley et al.. 1999; Alkan el al.. 1995. However, there is need for more evidence 
on this topic, which will be presented in Chapter 8, Mechanisms o f faecal coliform 
removal.
• Evidence has been presented on the advantages o f the channel lagoon over the open 
lagoon with respect to FC and FS removal. The advantages obtained for treatment 
with the channel lagoon are a product of the appropriate engineering design to 
optimise the hydraulic behaviour of the fluid within the lagoon (reducing short 
circuits, changing from dispersed to plug flow, probably favouring retention time). 
The evidence will be presented in Chapter 7.
• Conventional treatment, using 4 primary settlement tanks, 7 percolating filters and 4 
humus tanks, remove between 1-2 log o f faecal coliforms, as indicated by Mara and
September 2001 May 2002
• Sunshine hours/day = 4.77
• Q = 5.93 1/s
• FC removal (%) = 92.5
• Sunshine hours/day = 7.2
• Q = 8.61 1/s
• FC removal (%) = 92.19
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Pearson (1998). (see Table 20). On the other hand, just one channel lagoon can 
remove up to 2.88 log o f faecal coliforms at low cost (see Table 21) when under 
favourable environmental sunlight conditions. The channel lagoon would therefore 
have the advantage over the series system o f lagoons proposed by Marais (1974) 
because it would take a minimum o f 2 to 3 lagoons to remove 2.88 log o f faecal 
coliforms.
Table 20. Removals of excreted pathogens achieved by conventional treatment
processes and WSPs.
Excreted pathogen Removal in WSPs Removal in conventional 
trea tm ent
Bacteria up to 6 log units 1 -  2 logs units
Viruses up to 4 log units 1 -  2 logs units
Protozoan cysts 100% 90-99%
Source (M ara and Pearson, 1998)
Table 21 Removal of excreted pathogens achieved in June and July 2001 by 
conventional waste water treatment and maturation channel lagoon in Lidsey
Raw
sewage
Lagoon inlet after 
conventional 
treatm ent
South
lagoon
June
FC geomean 1.27 x 10 1.52x10 5 8.63x10 2
FC removal (%) 98.64 99.43
Reduced logarithms 1.92 2.24
July
FC geomean 1.8x10 7 2.36x10 5 3.72x10^
FC removal (%) 98.69 99.84
Reduced logarithms 1.88 2.88
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• Climatic stability has obvious advantages for WSPs and, a tropical climate with 
little temperature or day length variation produces even performance throughout 
the year.
In England, however, climatic variations become a limiting factor when 
desludging is to be scheduled because the sludge must be dry so that they may 
removed by a mechanical shovel. Favourable environmental conditions for 
desludging are “available” between May and August. What makes treatment 
difficult, however, is that the lagoon must be refilled by September, a time in 
which sunlight period are reduced, which affects treatment quality in the long run.
Desludging for each lagoon was carried out in 2000 for the South lagoon, in 2001 
for the North lagoon and in 2002 for the Central lagoon.
Note, for example, the results presented in Table 22: the North lagoon reached up 
to 98% efficiency before desludging, whereas its maximum was 86% after 
desludging.
Table 22. Maximum efficiency of FC removal by years.
Lagoon FC removal (% ) 
2000
FC removal (% ) 
2001
FC removal (% ) 
2002
North 98 86 84
Central 90 88 -
South 90 99.84 98.57
• A meeting with representatives o f Southern Water and the Environment Agency 
was held in Southern Water’s Chichester office on 20th May 2003 to inform both 
organisations o f the achievements obtained in the present research. Both agreed 
that the channel lagoon technology has worked very well at low cost, as 
evidenced by the results. However, they pointed out that pathogen removal has 
not been on their top priority list, since it has not yet been included among the UK
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environmental regulations. In other words, they are not currently interested in 
cost-removal benefits or in a natural disinfection. Perhaps they prefer to carry on 
investing in UV disinfection.
• These commentaries by the Environment Agency and Southern Water are by no 
means encouraging for the author of this research. That aside, it can be proudly 
concluded that it was shown at full scale that the channel lagoon works 
adequately in a countiy with four seasons, such as England, where the maximum 
average temperature is around 19°C. Additionally, channel lagoon technology 
could be considered when planning new designs or for the rehabilitation of 
existing maturation ponds. This technology requires very little available land in 
comparison with lagoons in series, so it would be very attractive, especially in 
those systems where there is very little land available.
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7. HYDRAULIC PERFORMANCE.
7.1 Introduction.
In terms of wastewater efficiencies, hydraulic behaviour plays an important role, as was 
demonstrated by Camp, 1946 (see review, Page 42). Little consideration has been given 
to the gross flow patterns within stabilisation ponds as affected by pond shape, the 
presence of dead spaces and short-circuiting. These hydraulic flow characteristics will 
obviously have an effect on the dispersion of the waste as well as on the average retention 
time for the waste particles and, consequently, ultimately on pathogenic organism 
removal efficiency. This chapter evaluates the influence of hydraulic flow characteristics 
on the mixing of maturation ponds in open and channel lagoons, bearing in mind the 
critical information needed for engineering design.
The approach was to use certain information and parameters that can be obtained from 
the age distribution function of the fluid or waste particles leaving the pond. The age 
distribution function represents a history of the residence time of fluid particles in the 
pond. This function can be easily obtained by injecting a known quantity of tracer 
concentration into the pond inlet and measuring the tracer concentration at the outlet as a 
function of time. The resulting concentration versus the time curve is an age distribution 
function (Mangelson and Watters, 1972).
The ideal situation for flow through a waste stabilization pond is typified by plug flow. 
This has been recognised by (Camp, 1946; Mangelson and Watters (1972); James (1987), 
Juanico (1991), Muttamara and Puetpaiboon (1997), Vorkas, 1999; Frederick, 1995 and 
Lloyd et al, 2002). According to Mangelson and Watters (1972) "... i f  the incoming 
waste mixes vertically and horizontally just enough to obtain good treatment and then 
moves through the pond as a slug, the optimum condition, called plug flow, has been 
realized”.
Plug flow can be induced in stabilisation ponds by increasing the LAY ratio, with 
engineering intervention to install channels. This engineering design is the optimum for 
maximising retention time and, consequently, FC removal (Mangelson and Watters, 
1972; Vorkas, 1999 and Lloyd etal., 2002).
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The construction of a channel lagoon is a cost-effective alternative to tertiary maturation 
ponds after a conventional plant, but investigation and post-evaluation of system design 
is required if they are expected to operate optimally. A complete comparative hydraulic 
evaluation, including flow velocities, hydraulic retention time and dispersion coefficient 
of the open and channel lagoon was considered essential.
Mangelson and Watters (1972) and Saenz (1986) have made contributions with respect to 
the importance of the Reynolds number in WSPs. Mangelson and Watters showed that 
the efficiency of treatment is greater when the Reynolds number decreases, because dead 
spaces are reduced. The Reynolds number may be obtained empirically in the Lidsey 
lagoons once the velocity is known.
7.2. Methodology for the hydraulic study.
The hydraulic study included:
• Determining fluid velocity at different depths.
• Study with a dye tracer (Rhodamine WT) to determine hydraulic retention time and 
the dispersion number.
• Wind speed and direction monitoring.
7.2.1 Surface velocity of fluid in lagoons.
Surface velocity and fluid trajectory (eddy viscosity, superficial dispersion, superficial 
short circuiting and dead zones) within the lagoons were recorded empirically with 
floating objects. Oranges were chosen because of their submergibility. According to 
Vorkas (1999), a convenient floating object is an element whose physical area can be 
98% submerged. It will therefore provide the best empirical description of the fluid 
trajectory in the sub-surface layer.
The experiment was performed on 3 different occasions:
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Experiment 1: 50 oranges of similar size and weight were thrown in with the wind 
blowing from the South.
Experiment 2: Five oranges were thrown into the South lagoon, with the wind blowing 
from the west
Experiment 3: Five oranges were thrown in simultaneously in each lagoon at a distance 
of 10 meters from the inlet.
7.2.1.1 Field methodology.
1. In the first instance, the three lagoons were divided by imaginary lines, just as for the 
bathymetry readings (see Figure 23, Page 77). These imaginary lines were referenced 
by small flags attached to a metal stake. Each stake was nailed into the ground at 10 
m and 4.65 m intervals along the length and breadth of the lagoon, respectively. This 
was done the week before the experiment was to be run, in order to save time, and 
organize the work accordingly (see Photo 10).
• Metal stake (approximately 1 meter in length).
• Plastic flags.
• Thick-point marker.
• Glue to stick the flag onto the stake.
2. List of materials for the test with the floating objects. : Three 50-litre containers 
(approximately).
• One hundred and fifty oranges of roughly the same size (50 per lagoon) Three 
synchronized clocks.
• Collaborators: four persons.
• Three clipboards, each with approximately 20 copies of the diagram with the 
imaginary coordinates of the lagoon (see Figure 39).
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Free- board
Photo 10. Imaginary grid flags in the South lagoon.
Lagoon name: 
D rogue depth:
Start time:
Tim e o f  movement: 
Observation:
10 m 20 m 30 m 40 m 50 m 60 m 70 m 80 m 90 m 100 m 110 m 1 2 0 1
i i  i i i i i i  i i  i i
H 1-------1------ 1------ 1------ 1-------1------ 1-------1------ 1------- 1------ h
i i  i i i i i i i i i
9.3 m
4.65 m
Figure 39. Diagram of the grid as used to trace movement and location of
drogues at different depths.
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Procedure
1 Each collaborator was stationed at the inlet to each lagoon, with the fifty oranges in 
the container.
2 The fourth was stationed at a visible location to give the signal for simultaneously 
throwing the oranges into the lagoon.
3 Each collaborator put the clipboard into a clear plastic bag to avoid damage to the 
information collected by rain or other environmental conditions.
4 The movement and trajectory of the oranges was drawn on the diagram with the 
marker every 1 0  minutes.
After the experiment had ended, the movements of the oranges were plotted/drawn in 
Power Point. The drawing sequences were animated to get a more precise idea of the 
trajectory of the oranges (see CD annexed). This same field procedure was applied for the 
study with the drogues.
The surface velocity of the water was calculated as follows:
Velocity = distance travelled by the oranges / time (20)
7.2.2 Fluid velocity at different depths (studies with drogues)
A drogue is an object that moves with the circulation in the pond. The use of drogues for 
measuring water currents is not new, Shilton and Kerr (1999). Drogues, which drift with 
the water but are not affected directly by wind, have been used extensively for tracking 
water movement, but generally on a large scale, for example tracking coastal currents, 
Barter (2002). Shilton and Kerr and Barter each designed their own drogues for their 
studies. Low-cost materials -different from the ones used by Shilton and Kerr and 
Barter- were used to build the drogues in the present study.
Definition: Drogues are floats used to trace flow pathways in liquids. In the specific case 
of this study they were used to trace flow at various depths in a lagoon. The drogue
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provides information about eddy viscosity; flow trajectory and relative flow velocity at 
different wind speeds and wind direction conditions (Author).
7.2.2.1 Construction procedure.
7.2.2.1.1 Several types of materials were tested to select the most appropriate for 
constructing the drogues.
Different materials (wood, polyurethane and oranges, sticks and stakes) were used to 
make the drogues but the best materials were oranges and sticks. The following materials 
were used:
• A light stick to allow the drogue to float.
• Oranges of similar weight.
• Different sizes of metal rings to place a counterweight for/on each drogue.
• Elastic bands.
• Phosphorescent paint in three different colours, one for each depth.
• Measuring tape.
• Transparent cylinder, approximately 1.20 m long.
• Scales for weighing the oranges
• Any sharp instrument to cut the stick.
The sticks were cut into 80, 65 and 45 cm lengths.
Thus, to measure velocity at a depth of 60 cm, the stick is cut to a length of 80 cm. This 
length was divided into three parts: the first part is floating 1 0  cm above the surface of 
the water.
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Photo 11. Cutting the stick.
The centre of the orange is placed 70 cm below the top o f the stick (i.e. 60 cm below the 
surface o f the water) so that it indicates the flow velocity at that depth.
Depth = 25 cm 45 cm 60 cm
10 cm
7 cm
sludge
Figure 40. Depth of drogues.
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From the centre to the end of the orange, approximately 7 cm o f the stick is left 
protruding below the orange. This is used to add weighting rings to keep the drogues 
vertical as shown in Figure 40.
7.2.2.1.2 Identifying the depth of each drogue.
After cutting, the stick is painted with a different colour in order to identify each depth. 
Pink = 60-cm depth, yellow = 45-cm depth and red = 25 cm depth (see Photos 12 and
13).
12) 13)
Photos 12 and 13. Painting the sticks.
7.2.2.1.3 Weighing and locating orange on stick.
The oranges were weighed in order to use same weight for each drogue. Then, one stick 
was passed through the orange until it was 7 cm from the bottom o f the stick, (see Photo
14).
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Photo 14. Locating orange on stick.
7.2.2.1.4 Counterweight to maintain drogue in vertical position.
Three metal rings were moved from the end o f the stick to the orange. Then the orange, 
rings and sticks were joined together with the elastic band (see Photo 14) and put on a 
table for calibration (see Photo 15).
Photo 15 Drogues after construction.
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7.2.2.1.5 Calibrating each drogue.
The drogue was inserted into a transparent cylinder (see Photo 16) for approximately 10 
minutes. After 10 minutes, a metal tape was used to measure the free end o f the stick and 
the drogue mass depth (distance from the water surface to the centre o f the orange). 
Drogues with the required design depth were used in the field study, the rest were 
discarded.
10 cm
60 cm
h About 3 
cm
Photo 16. Drogue for 60 cm depth in calibration cylinder.
7.2.3 Field methodology.
The drogues were later simultaneously put into the lagoon to track flow and calculate 
velocity at different depths.
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The experiment for calculating relative velocity with drogues in the South lagoon 
(channel) was performed on 1st May, 2001, using 6  drogues for the 45-cm and 60-cm 
depths and 5 drogues for 25 cm.
The North lagoon (open) experiment was run on 7th May, 2001, using 5 drogues for the 
25-cm and 45-cm depths, with only 1 drogue for the 60-cm depth because they were 
motionless at this depth.
Three observers were present at each experiment. Each had to observe and, every 10 
minutes, trace the movement of the drogues at a given depth along the length and breadth 
of the lagoon on the diagram on the clipboard (see 7.2.1.1).
The drogue test was not run simultaneously on the three lagoons because it meant having 
6  additional collaborators (3 per lagoon).
7.3 Tracer study in lagoons.
7.3.1 Choice of tracer.
A large number of different tracers may be used, such as radioactive or non-radioactive, 
mineral or organic. However, there are requirements which all tracers must comply with. 
An acceptable tracer should:
a) mix easily with water;
b) cause only negligible modifications to the flow rate.
c) be detectable at a concentration lower than the highest permissible 
concentration while taking account of toxicity, corrosion, etc..
d) be cheap.
e) only be present in the water flowing in the conduit at a negligible or constant 
concentration.
f) be accurately analysable at low concentrations,
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g) not react with the water flowing in the conduit or with any other substance 
with which it may come into contact in such a way as to affect the 
measurement.
7.3.2 Type of tracer.
According to British Standard (2003), tracers may be classified as non-radioactive and
radioactive.
• Non-radioactive tracers.
o Sodium dichromate (Na2Cr2 0 7 .2 H2 0 ) 
o Sodium chloride (NaCl) 
o Rhodamine B (C28H31CIN2O3) 
o Rhodamine WT 
o Lithium chloride (LiCl) 
o Sodium nitrite (NaNC^) 
o Manganese sulphate (MnSCMLbO) 
o Sulfo-rhodamine G.
• Radioactive tracers.
o Bromine 82. 
o Sodium 24 
o Gold 198 
o Iodine 131 
o Chromium 51. 
o Tritium.
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Tracers of biological origin are other tracers used in practice during the past few years 
but not considered by British Standard (2003). For example, Frederick and Lloyd 
(1995a); Lloyd and Vorkas (1999) and Vorkas and Lloyd (1999) have all successfully 
used bacteriophage tracers.
7.3.3 Rationale for selecting a dye tracer.
The tracer should be low-cost and easy to handle. Sodium chloride, for example, may be 
injected in solutions in the order of 30,000 mg/1 and can be detected in lmg/1 
concentrations. This limits its use to small installations (Yanez, 2000), because large 
concentrations may be required in big installations and dissolution can perhaps not be 
guaranteed (Aldana et al, 1995). Another limiting factor could be purchasing and 
handling equipment. Radioactive tracers, for example, need expensive equipment and 
specialist staff to enable detection thereof-resources that more often than not are 
unavailable in a research Project with mostly limited economic resources.
Microbiological tracers are economical. However, the drawback here is sample collecting 
and processing. Monitoring of the samples must be done manually and they must be 
processed immediately in the laboratory. Undoubtedly, this makes monitoring difficult 
and limits the monitoring frequency when hourly sampling is required for a long period. 
Besides, this type of practice could generate human errors because of tiredness 
occasioned by the very few hours available for sleeping during the time the tracer 
remains in the lagoon.
The ideal tracer is non-toxic, cost-effective, easily measured at very low concentrations, 
and stable during the study (Yanez, 1993).
Hundreds of commercial dyes are available in a variety of colours. A great number are 
strongly fluorescent, but only a few exhibit the combination of properties essential for 
water tracing, one of them is Rhodamine WT (Wilson et al, 1986). Rhodamine WT is:
o Water soluble.
o Highly detectable-strongly fluorescent.
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o Fluorescent in a part of the spectrum not common to materials generally found in 
water.
o Harmless in low concentrations, 
o Inexpensive and,
o Reasonably stable in a normal water environment.
A major disadvantage of Rhodamine WT is its potential for adsorption onto suspended 
solids. Another possible disadvantage is interference from fluorescent colour bodies in 
the wastewater in some types of industrial wastewater. Other disadvantages of 
Rhodamine in general as considered by British Standard (2003) are that they can be 
affected by sunlight and temperature.
Rhodamine WT is related to Rhodamine B, a tracer in common use in the 1960s. It was 
developed to overcome a disadvantage of Rhodamine B, absorption on suspended 
sediments (US EPA, 1989).
Rhodamine WT, the fluorescent tracer of choice, meets all tracer requirements and is 
approved for use by the US EPA (1989) and can be accurately measured on-site with a 
portable, field-ready fluorimeter online. Besides, the intense red of Rhodamine WT 
enables easy visualization of the trajectory and surface movement of the fluid particles 
during the test. In its turn, this facilitates the observation of the effect of the wind on the 
fluid in the upper or surface layers of the water.
Rhodamine WT and the fluorimeter online offer enough substantial technical benefits and 
comfort to warrant their being chosen for the present study.
7.3.4. General characteristics of Rhodamine WT.
Rhodamine WT is also known as intracid Rhodamine WT (Wilson et al, 1986). Its 
chemical formula is C29H29N205C1.2Na (ICSC:0325, 1993). It is available on the market 
in solution at 20% (w/w), with a specific gravity of 1.19 g/ml. Rhodamine WT is a highly 
fluorescent material with the unique ability to absorb green light and emit red light. Its
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fluorescence may be measured at a wavelength between 546 nm and 590 nm (Wilson et 
al., 1986 and Yanez, 1993).
7.3.5 Preparing Rhodamine WT doses for each lagoon (North, Central and South).
The quantity of Rhodamine WT doses to be injected must be known at the start of the 
test.
7.3.5.1 Characteristics of Rhodamine WT:
• The commercial solution refers to 20% w/w.
• Specific gravity is 1.19 g/ml.
Considering the solution at 20% w/w => (238 ml of Rhodamine/ 1000 ml)
• Stock solution = 238 x 106 pg H.
7.3.5.2 Mass of Rhodamine WT injected into the lagoon.
For 270 ml of the Rhodamine WT solution => the mass of Rhodamine WT will be:
0.2701 x 238 x 106 |xg/l = 64.3 x 10s ng.
7.3.5.3 Average Rhodamine WT concentration expected for each lagoon.
Of a total of ten tests, five were unsuccessful. The tests reported in Table 23 are the 
successful ones. The volume of Rhodamine WT injected for the first two tests lost was 
450 and 350 ml, respectively, to view clearly the movement and trajectory of the fluid 
along the length and breadth of the lagoon.
The loss of the tracer meant a loss of time and money, so smaller volumes 270 were used 
in the subsequent experiments to guarantee that the Rhodamine WT would last until the 
end of this investigation.
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Table 23. Calculation of average Rhodamine WT concentration.
Date Lagoon Initial mass of 
dye tracer
(tig)
Volume of 
lagoon
(1)
Average Rhodam ine W T 
concentration
(Hg/1)
26/06/01 South 64.3 x 106 1,851,000 35
20/07/01 Central 90 x 106 1,688,000 53
11/10/01 North 71.4 x 106 1,647,000 43
18/10/01 South 64.3 x 106 1,851,000 35
09/05/02 North 30 x 106 1,647,000 18
The following precaution must be taken before beginning to calculate the Rhodamine 
concentration registered by the Fluorimeter.
The initial colour of the lagoon water must first be registered. Since Rhodamine WT is a 
dye tracer, the initial colour o f the lagoon water must be registered by the fluorimeter 
before Rhodamine WT exits the lagoon. When the RWT begins to exit, the fluorimeter will 
be registering total colour, i.e., the colour o f the water plus the colour o f the RWT. To 
calculate RWT concentration at the outlet, therefore, the colour o f the lagoon water must be 
subtracted from the concentration:
C = Ct -  Cw (21)
Where:
C = RWT concentration
Ct = total colour concentration registered by the fluorimeter 
Cw = colour of the lagoon water
The Rhodamine used in the present study was liquid Rhodamine WT.
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7.3.6 Fluorimeter.
The equipment used to detect the Rhodamine WT was the Chelsea Instrument MinitrackaII 
R (see Photo 17)
According to the information provided by the manufacturer, the Minitracka II fluorimeter is 
the latest in-situ optical sensor from Chelsea Instruments (User Guide for Minitracka II R).
Minitraka IIR  can register Rhodamine WT concentrations ranging between 0.03-100 jag/1. 
The equipment was supplied with its calibration certificate (see Appendix 14). Its 
equation is:
Rhodamine concentration (pg/1) = 0.028153 (ptg/1 /mV)* (mV) -2.111475 pg/1 (22)
7.3.7. Field methodology of the tracer study.
7.3.7.1 Resources required for the test.
Precautions to be taken while transporting the Rhodamine WT stock solution:
o Protection from light: The vessel containing the Rhodamine WT should be placed in a 
black bag to avoid its being degraded by light.
o Protection from accidental spillage: Once in its black bag, the Rhodamine WT should 
be put into a covered plastic box to avoid contamination of the vehicle in case of accidental 
spillage.
The resources needed for the test must be checked carefully:
o Rhodamine WT stock solution, duly protected. Industrial gloves to avoid skin contact 
with the Rhodamine WT (see Photo 18)
o String rope to fix the sensor to the outlet.
o Two synchronized clocks.
o Personnel: a minimum of two persons: one to inject the tracer, the other to connect the 
sensor to the logger.
o A camera to take the photographic sequence of tracer movement.
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7.3.7.2 Procedure for injecting the Rhodamine WT stock solution and installing the 
fluorimeter.
The fluorimeter (sensor) should be placed at the outlet, approximately -10 cm below the 
water surface, in order to avoid the loss o f data because o f fluctuations in the water level. 
Once installed, the sensor cable should be tied with a string to one o f the pipes located in 
the upper part o f the outlet, before starting the test (see Photo 1 7).
The equipment must then be tested to see whether it is functioning properly. This includes 
checking sensor frequency and signal emission. The cable is then disconnected from the 
logger. It will be connected again from the time the Rhodamine WT is injected.
Photo 17. Fluorimeter probe installation at maturation pond outlet.
The tracer test consists o f injecting the Rhodamine WT stock solution at the lagoon inlet 
(Photo 18) and measuring its concentration at the outlet with the on-line fluorimeter 
Minitrack II R from Chelsea Instrument (Photo 17) described above.
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Photo 18. Tracer’s injection
Rhodamine concentration in the Lidsey maturation ponds was registered at intervals o f 5 
minutes over a period o f 5 days.
One member o f the work team registered the time at which the test was begun. They then 
took photographs o f the tracer movement, especially o f the jet-flow trajectory.
A description of the photographic sequence was also written into the field book, such as the 
number o f the photo and time at which it was taken. This information will support the 
interpretation o f the movement o f the tracer.
7.3.8 Calculating the dispersion number.
The distribution o f the residence time of a tracer is represented by the “age distribution 
curve”. This curve is obtained experimentally by injecting a tracer at the reactor inlet, then 
measuring its concentration at the outlet during a certain length o f time Levenspiel (1962).
There are several types o f “age-distribution curves”:
a) Curve “C” vs “t”; b) Curve “C/Co” vs “t/tm”; and c) Curve “C” vs “t”.
Where: C = tracer concentration measured at the outlet at time t.
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Co = idealised concentration of a tracer mass (M) in the lagoon volume, therefore 
Co = M/V.
tm = mean hydraulic residence time.
If the age distribution curve refers to uniform time interval values, the centre of gravity of 
the curve, which defines mean hydraulic retention time, may be calculated with the 
equation (5).
The second important mathematical concept is the dispersion of the curve, normally known 
 ^ 2
as variance concept <r. For uniform time interval values, variance may be calculated by the 
equation (10).
An Excel spread sheet was used to process the data. The fluorimeter registered data of 
between 6000 and 7000 values for each experiment. This data is presented in the CD 
annexed.
The dispersion coefficient “d” may be calculated from the adimensional variance formula 
(11), defined in the statistical concept by Levenspiel (1962).
7.3.8.1 Using the dispersion number equation.
Yanez (1993) generated the adimensional variance graph and dispersion number, from 
which the dispersion number can be easily read (Figure 41). It can be seen in the graph that 
the curve maintains its linearity for up to 0.5 for adimensional variance. The curve loses 
linearity with a variance >0.5 and becomes asymptotic to the X-axis at values >1. 
Therefore, inaccurate values of >10 (completely mixing) are obtained when one tries to 
calculate the dispersion value of ‘d’ for an adimensional variance >1.
This was discovered originally in this study when an attempt was made to calculate the 
dispersion number for the five studies carried out in the Lidsey treatment plant. This 
concern was reported to the supervisor, Professor Barry Lloyd, who then consulted with 
the mathematical expert Dr. Gugnaesharajah, of Mott MacDonald Ltd. The expert 
confirmed that the use of the equation is limited and that it is only reliable in the linear part.
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Nevertheless, it is the equation used by most researchers since 1962 and it is not the 
objective of this study to obtain a new equation or adjustment coefficient.
Therefore, when the adimensional variance is >1, d >10 will be reported, in spite of the 
limitation in the use of Levenspiel’s (1962) equation for a dispersion number >10, but the 
equation may be used to obtain the dispersion number for piston flow and dispersed flow.
0.9
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Figure 41. Adimensional variance & dispersion number (Yanez 1993).
7.3.9 Frequency of the tracer studies.
There follows a description of the frequency with which the Rhodamine WT tracer studies
were conducted:
Test 1: The first test was started on 26th June 2001, in the South lagoon (channel lagoon), 
for an average flow of 4.5 1/s. Only the Central and South lagoons were in 
operation, because the North lagoon was being desludged.
tViTest 2: The second test was run on 20 July 2001, in the Central lagoon, for an average 
flow of 9 1/s.
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Test 3: Since the three lagoons were now operational, the third test was run on 11th October 
2001, in the North lagoon, now desludged, for an average flow of 4.5 1/s.
This test, like test 1, was run in the North lagoon (open lagoon) and the South 
lagoon (channel lagoon), respectively, with a similar average flow and with both 
lagoons clean, because the South lagoon had been desludged in 2000.
Test 4: The next test was run in October 2001, in the South lagoon (channel lagoon), for an 
average flow of 6 1/s.
iL
Test 5: The last test was run on 9 May 2002, in the North lagoon, for an average flow of 
7.921/s.
7.3.9.1 Problems encountered while developing the tracer study.
Generally speaking, studies with tracers in municipal plants are limited to one or two tests, 
because they imply cost of materials, labour and transport. However, comparing the 
hydraulic behaviour of full scale open and a channel lagoon requires a series of tests that 
are difficult to quantify. Replication of the test for the open and channel lagoon under 
similar conditions requires investing a lot of time calibrating the entry flow. On the other 
hand, pilot studies with tracers generate fewer difficulties because the flow can be easily 
controlled.
Ten tracer studies were developed in order to validate the engineering interventions with 
channels in the South lagoon. Half of the tests were unsuccessful for the following reasons:
o Chelsea Instruments supplied a fluorimeter to CEHE on trial for one month, to verify its 
capacity to work under exposure to wind and weather in the field. Two tracer studies were 
carried out with this test equipment, one in May and the other in June 2001. These two tests 
were unsuccessful because of problems with the logger software.
o The logger company supplied a new version of the software. Of course, the failure of 
these two studies led to the loss of two Rhodamine WT stock solutions, plus loss of the 
time dedicated to the test.
o The first two tests in the South (channel lagoon) and Central lagoon were run with the 
flow with which each lagoon was operating, 4.5 and 9 1/s, respectively. Later, it became
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necessary to run the test for 4.5 1/s in one of the two open lagoons and the 9 1/s test for the 
channel lagoon. This information would be valuable for comparing the hydraulic behaviour 
of both engineering designs.
Efforts were now directed at obtaining the calibration of the flow for the above-mentioned 
conditions, which involved the use of empirical field tools to calibrate the flow. The test 
for the 4.5 1/s was run successfully for the North (open) lagoon on 18th October 2001.
An attempt was later made to run the test with 9 1/s in the South lagoon (channel lagoon) in 
March 2002. One week before the experiment, the sluice gate that provides the flow for the 
Central lagoon had to be closed to guarantee an average flow of 9 1/s in the South lagoon. 
While the test was running, one of the operators opened the sluice gate to the Central 
lagoon, thus dashing all the efforts to obtain a successful result. So the equipment was 
taken away.
Another test was lost on 28th May 2002, caused by logger breakdown. Chelsea Instruments 
replaced the logger for the University of Surrey.
o Another tracer study was lost in May 2003. This was designed to evaluate various 
parameters simultaneously, such as:
a) Determining the flow pattern and hydraulic retention time.
b) Determining FC and FS removal efficiency during the 5 days that the tracer was in 
the lagoon.
c) Determining the die-off constant KT for FC and FS.
d) Determining the surface velocity of the fluid using floating objects (oranges).
Once these parameters are known, surface velocity of the fluid could then be compared in 
the first instance, employing two methods:
1) Velocity measured with the floating objects.
2) Velocity measured with the dye tracer.
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The Rhodamine WT study would allow determination of the actual retention time and the 
flow pattern. Once the flow pattern is known, the adequate equation could then be selected 
to determine the predicted FC and FS removal efficiency, using real values for the die-off 
constant and hydraulic retention time.
Unfortunately, the hydraulic study was lost, with no hope of ever being able to repeat the 
test because the periodic desludging was due for the channel lagoon. In fact, drainage of 
the lagoon was started as soon as the equipment was taken out. Besides, Southern Water 
then proceeded to remove the channels because they were constructed temporarily for the 
purposes of the present investigation.
7.4 Results and discussion.
7.4.1 Surface velocity studies.
Experiment 1: 50 oranges in each lagoon (07/02/2001).
The prevailing wind direction was transverse to the flow (see Figure 42). The first test 
with the 50 oranges in the North, Central and South lagoons was started at 11:30 AM on 
7th February 2001.
All 50 floats were placed at the inlet to each lagoon. When they floated, they moved 
quickly from the inlet towards the right borders of the North and Central lagoons, where 
they were detained by the vegetation growing around the banks. The floats in the South 
lagoon followed two trajectories during the first 10 minutes after the start of the 
experiment.
a) Some floated towards the vegetation and were trapped (Figure 42-a, 11:40 a.m).
b) The other group stayed close to the wall of Channel ‘A. (Figure 42-b, 11:50 a.m)
The exposed borders of the channels are approximately 20 cm above the pond surface. 
These borders acted as a windbreak during the test (see photo 10).
c) For the first few meters, the oranges moved in a group at a velocity of 0.017 m/s. 
After 60 meters, they all began to disperse in the same direction, with velocity increasing 
from 0.017 to 0.027 m/s m (Figure 42-d).
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d) When they had travelled around 110 m, approximately W2 hours after the start o f the 
experiment, there was total dispersion o f the oranges caused by the wind effect (Figure 
42-e).
e) The wind blows through a small hole in the wall that sticks out o f the water at the end 
of Channel ‘A ’. The force of this wind modified the trajectory o f the vectors and quickly 
dispersed them (Figure 42-f), moving them away from the channel wall toward the 
vegetation, where they remained stationary (Figure 42-g).
f) Thus experiment demonstrated the preferential short-circuiting flow path along the 
inner edge o f the channel caused by the wind shading effect of the channel free board
(Figures 42 a. b. c. d).
The mean surface velocity along this inner edge was 1.66 m/min over 100 m.
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Vegetation
W ind-d irec tion  Started :l 1:30 a.m
Hour: 11:40
Figure 42 a. Orange floats in South lagoon -  channel A (07/02/2001)
(N ot to scale)
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Figure 42 b, c. Orange floats in the South lagoon -  channel A (07.02/2001)
(not to scale)
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Figure 42 d, e. Orange floats in the South lagoon -  channel A (07.02/2001)
(not to scale)
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Figure 42 f, g. Orange floats in the South lagoon -  channel A (07.02/2001)
(not to scale)
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Experiment 2: 5 oranges in the South lagoon (21/02.01).
This experiment was carried out with five floating objects (oranges). The wind was 
westerly, i.e. it was blowing in the opposite direction to the flow o f liquid. The five 
oranges were placed at the lagoon inlet: 4 went from the inlet to the central part of 
channel ‘A ’ and the 5th went directly to the vegetation. No orange displacement was 
noted during the 2-hour observation period, with only one circular movement thereof at 
the same point. It would seem that the wind wields a strong influence on the surface 
layer, generating continuous changes in the fluid-particle trajectory-known as short 
circuits- which may affect treatment quality.
Experiment 3: 5 oranges in the North, Central and South lagoon (27/02.01).
The experiment was run simultaneously on all three lagoons, using 5 oranges in each 
case. Figure 43 demonstrates the trajectory of each orange in each lagoon.
The wind was Southeast. The oranges moved in groups: around 60 meters in the North 
lagoon, 80 in the Central and 55 in the South lagoon in a space o f 30 minutes. After this 
trajectory, the vegetation at the bottom of the lagoons detained the oranges (Figure 43).
North
t= 5 miri t = 10 min t = 15 min t = 30 min
N. lagoon 25 m 45 m 60 m 60 m
C. lagoon 25 m 45 m 71 m 80 m
S.lagoon 10m 43 m 65 m
Wind-direction 
from South East
Inlet
10
80
Central
10
65
South
Figure 43. O ran ge floats in the N orth , C entral and South  
lagoon.
27-02-01
N ot to  sca le
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The experiments indicate that the orange trajectory is strongly dependent on prevailing 
wind direction, which generates constant changes in the water-particle trajectory, thus 
producing short circuits.
Short circuits are an unwanted condition during water-polishing treatment in tertiary 
lagoons, because it reduces real retention time and, consequently, treatment efficiency 
(Lloyd et al., 2002).
7.4.2 Studies with drogues.
The study with drogues was carried out to determine fluid trajectory and velocity at 
different depths. Saenz (1986) reported that fluid velocity in the upper layers of water is 
3/2 greater than the average velocity. Of course, this affects retention time and, 
consequently, treatment. Chadwick and Morfett (1999) also state that the maximum 
velocity is found at the surface.. Typical velocity distributions in the absence of wind 
effect are shown in Figure 44.
Figure 44. Velocity distribution in open channel.
Note. Countour numbers are expressed as a percentage o f  the maximum velocity.
Source: Chadwick and Morfett (1999)
This phenomenon can be observed visually and quantitatively with a Rhodamine study. 
Part of the flow travels quickly in the form of a jet and this is the Rhodamine in the upper 
layer of the water. It can be observed during the residence of Rhodamine in the lagoon.
However, the situation in WSP channel and ponds is much more complicated than the 
unidirectional condition described by Chadwick and Morfett, because the low flow
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conditions and influence of wind can alter the direction of flow and increase dispersion 
(Lloyd, personal communication and opinion).
When the channels were installed in the South lagoon, the intention was to retard the jet 
effect of the upper layers and this was achieved (see the part with the tracer study).
It is worth mentioning that the study with drogues in Lidsey was not as successful as one 
would have wished, because the lagoons were surrounded by vegetation and some of the 
drogues were tangled in it.
7.4.2.I. Drogues in the South lagoon (01/05/01).
The drogues were introduced near the South lagoon inlet, as in the previous floating 
experiment. The wind direction was Southeast during the course of this study. The 
drogues were used to trace flow at different depths in the lagoon.
The drogues at 60 cm depth remained motionless or made small movements near the 
entry point (Figure 45-a), which indicates that flow velocity at that depth is very near 
zero. At 25 and 45 cm, a group of drogues made circular movements, associated with 
eddy viscosity (Figure 45 c, d, e, f) for a period of about 1 lA- 2 hours. The rest continued 
their course along the length of channel ‘A’. During this trajectory, some were caught up 
and detained by the vegetation. The 25-cm drogues moved at the fastest rate, with an 
average velocity of 0.88 m/min (Figure 45 g, h, i).
7.4.2.2 Drogues in the North lagoon (08/05/01).
The drogues were introduced near the inlet in the North lagoon. During the course of this 
study the wind was blowing from Northeast. The distribution of the drogues was directly 
affected by wind direction as shown in Figures 46-a and c. They moved very rapidly at 
depths of 25 and 45 cm. but, the drogues did not move at a depth at 60 cm, because of the 
sludge accumulated near the inlet at the point where the drogue was thrown in (see 
Figures 26 a, b), whereupon the sediment became suspended again, easily observable 
because of the transparency of the water.
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Figure 45 a-c. Drogues trajectories in the South lagoon-channel A (01/05/2001)
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Figure 46 d. Drogues trajectories in the North lagoon (08/05/2001)
7.4.3 Hydraulic evaluations.
7.4.3.1 Test 1: South lagoon (June 2001).
There follow the results obtained from the tracer studies carried out in the South lagoon.
The first tracer study in the channel lagoon was done on 26th June 2001, with wind in southerly 
direction.
7.4.3.1.1 Dye tracer movement.
The rectangular weir located at the inlet has a flow dividing pier wall o f approximately 0.4 m x 0.3 
m. The tracer was injected into the inlet feed water, located at the front o f  the pier wall (Photo 19). 
This wall divided the tracer into two parts, both o f which went towards the two front corners 
(Points 1 and 2) for a very short time (one or two minutes). Two simultaneous movements o f the 
dye tracer from the right comer can be discerned in Photo 20. One portion went along with eddy 
viscosity in the opposite direction to its initial location (ie. from Point 1 towards Point 2) and the 
other portion, plume-like, went quickly from the right com er (Point I) o f  the lagoon towards the 
centre o f channel “A ” (Point 3).
157
■m
■>> & V
Photo 19. Pier wall divided the dye tracer and flow,
Photo 20. Eddy viscosity near the inlet of the South lagoon 8 min after injection.
Simultaneously, the tracer located at Point 2 tried to follow the same trajectory as the one described 
for Point 1, but the diagonal channel divider was an obstacle (Point 4) in this case (Photo 21 ). The 
fluid particles came up against the obstacle, which arbitrarily deflected their direction towards Point 
5. Here the Rhodamine WT from Point 1 and the one from Point 2 met. The fluid continued along 
in arbitrary circular movements known as eddy viscosity, already mentioned above.
Photo 21. The diagonal transverse channel divider providing an obstacle to forward dye
movement in the channel lagoon.
Tracer movement was monitored in all tests, even in those in which, for some reason, fluorimeter 
records were unsuccessful. The phenomena observed in the channel lagoon during this experiment 
were as follows, some o f them being similar for other tests in the lagoon:
• Eddy viscosity movements and hence turbulence were strong near the inlet, gradually 
decreasing as the width o f the section decreased.
• Tracer mixture took place during the first 5 metres, a section that is 14 m wide (see Photo 22). 
This mixture occurs in a very short period -approxim ately 8 minutes.
• The radius o f mixture-inducing wind action was greater in the inlet area with no channel -w ith  
a 14-metre cross section. This had less impact in the channels, which were 4.65m wide.
• Another effect produced by wind action was plume movement. Initially, it headed for the centre 
(Photo 20). The wind then displaces it from the centre o f the channel towards the left wall o f the
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channel (Photo 22).See also Figure 42 which similarly showed the oranges keeping close to the 
inside wall.
Photo 22. Rhodamine WT tracer in channel ‘ A 4 of the South lagoon 10 min after
injection.
• After 10 minutes, the tracer started moving slowly down the length o f channel ‘A ’ (Photo 22), 
then moved across from channel “A” to channel “B” about 3 hours later.
• The tracer began to arrive at the outlet at a time ta =1050 min (17.5 hours) after it was injected. 
Maximum peak concentration was registered in time tp = 25 hours after injection (see Figure 
47) after the experiment was begun.
• Average flow velocity can be calculated with these data:
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The fluid in the South lagoon covered L = 3x122m in a time tm = 1050 min during the Rhodamine 
WT study carried out on 26th June 2001 (Figure 47). A substitution o f these values in the foregoing 
equation determines that velocity in the channel lagoon was 0.6 m/min. This value is similar to the 
velocities obtained with the drogues in May 2001: 0.88 m/min.
0.9
0.8 tg = 1050 min ; 17.5 hours.
0.7 tp = 25 hours.
0.6 tm = 2361 min; 39.55
0.5
0.4
0.3
0.2
0.1
0
0 500 1000 1500 2000 2500 3000 3500 4000 4525 5025 5525 6025
Time (mins)
Figure 47. Non-dimensional plot of Rhodamine WT against time in the South lagoon
Q = 4.5 1/s
7.4.3.1.2 Dispersion number.
The flow type in the South lagoon is approaching plug flow, with a dispersion number ‘d ’ = 0.074 
(see Table 24). The following is a summary o f the values used to obtain the dispersion number ‘d ’ 
with the Levenspiel (1962) equation.
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Table 24. Summary of variables used in calculations to determine dispersion number ‘d’ in
South lagoon on 26th June 2001.
Function Value Function Value
£  hxCj 6,726,19.8 a 2 =Yj tj2xC j/£ Cj -  ( tm 2) 796,324
I Q 280.41 a t 2 = a 2/ tm 2 0.138
tm = £  tjxCj/X Cj 1.66 day (39.35 hours) d 0.074
R aw  data are p resented  in a  C D  annexed.
Many researchers have said that it is impossible to obtain plug flow at full scale (Polprasert and 
Bhattarai 1985; Thackston et al., 1987; Agunwamba et al., 1992; Yanez 1993), but this was almost 
achieved in Lidsey using L/W ratio = 79; 1 and low flow o f 4.5 1/s. Under these operational 
conditions and with a temperature between 18°C and 19°C, the South lagoon managed to remove 
99.43% in June and 99.84% in July 2001, with 8.63xl02 cfu/lOOml and 3 .72x l02 cfu/lOOml FC 
concentration in the effluent. Lloyd et al., (2002) were not able to obtain these results in Ginebra -  
Colombia in spite o f having installed three channels and a windbreak. After discussing the Lidsey 
results, an interesting comparison will be made in chapter nine between the results obtained in 
Ginebra -  Colombia with a channel lagoon and the ones obtained in Lidsey.
7.4.3.2 Test 2: Central lagoon (July 2001).
7.4.3.2.1 Dye tracer movement.
The Rhodamine WT study was carried out in July 2001 in the Central lagoon, with 9 1/s, with 
prevailing winds from the South direction.
In this case, the Rhodamine was mixed much more violently than in the channel lagoon.
The tracer moved rapidly with eddy viscosity from Points 1 and 2 (Photo 23) towards Point 3, 
where it started mixing non-homogeneously (Photo 24). Arbitrary movements o f  the fluid and the 
effect o f the viscosity eddy were observed. Photo 25 shows how the tracer was not mixed 
homogeneously.
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Photo 23. Eddy viscosity near the inlet of the Central lagoon 3.5 min after
injection.
Photo 24. The tracer started to Photo 25. The tracer was not mixed
mix after 4 minutes. , . «, . -homogeneously, after 12 minutes.
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Comments on the dye-tracer trajectory:
• The Central lagoon has a L/W ratio o f 9:1, and, the wind exerts a significant effect on the 
trajectory o f the fluid.
• The dye tracer was mixed in seconds throughout the width o f the first few metres o f the lagoon, 
but a plume travelled at high speed down the centre towards the outlet.
• The tracer moved quickly along the first 30 metres, with speed drastically reduced at between 
60 and 70, then again increasing speed between 70 and 122 m (see Table 25)
Table 25. Relative surface velocity of the dye tracer in the Central lagoon.
Time
(minutes)
D istance travelled 
(m)
Relative surface velocity of trac e r  
(m/s)
15 30 0.0333 between 0 and 30 m
45 60 0.0167 between 30 and 60 m
70 70 0.0067 between 60 and 70 m
105 122 0.0248 between 70 and 122 m
It is important to point out that the information in Table 25 was recorded visually, so there is a 27- 
minute disparity between the visual record and the on-line fluorimeter, caused by the dilution of, 
the dye tracer in the plume. The fluorimeter can detect a minimum concentration o f 0.03 pg/1, a 
which was impossible to detect visually. This is one o f the advantages o f using a fluorimeter online. 
When the samples are taken manually at intervals of, say, 15 minutes or more, errors in precision 
occur when the flow arrives and when the maximum peak occurs, which may be displaced to the 
right o f the graph.
The dye tracer moved from inlet to outlet at an average rate o f 0.02 m/s (1.2 m/min). It must be 
remembered that the study in this lagoon was done with double (9 1/s) the channel lagoon flow rate 
(4.5 1/s).
That is to say, if  the flow rate is increased, fluid velocity will increase because:
Q = v(A)
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Where: v = velocity
A = area o f lagoon
Therefore v = —
A
7.4.3.2.2 Dispersion number.
In this case, the tracer began to leave the lagoon at ta=78 minutes (1.3 hours) after the experiment 
was started and its maximum concentration peak was registered at tp= 88 minutes (1.46 hours) after 
the tracer was injected (see Figure 48). If  these results are compared with those o f the channel 
lagoon, it can be seen that the tracer exits more slowly from the channel lagoon and that 
approximately ta= l 7.5 hours go by from the time the tracer begins to leave until it reaches peak 
concentration. The behaviour is very different in the Central lagoon. The main idea is to prevent the 
flow from coming out as a jet, because if  the maximum concentration exits in a little over an hour, 
it means that some o f  the water entering the lagoon is leaving without treatment. On the contrary, if  
a lagoon with channels is used and the water starts exiting 17.5 hours later, as occurred with the 
tracer study in the South lagoon, it means that those particles o f water were undergoing treatment in 
the lagoon for at least 17.5 hours, which represents 0.73 days, i.e., the water in the lagoon was 
exposed to sunlight during that time (see chapter 8). The important factor behind producing plug 
flow with channels in a maturation pond is to reduce short-circuiting (jet-flow), to increase 
retention time and, consequently to improve the bacteriological treatment in the pond.
The following is a summary o f the values used to obtain the dispersion number ‘d ’.
Table 26. Summary of the variables used in the calculations to determine dispersion number
‘d’ in the Central lagoon on 20th July 2001.
Function Value Function Value
X tjX Cj 485,540 a 2 = X tj2xCj/X Cj - (tm 2) 2,216,419
Z C i 439.44 a t 2 = a 2/ tm 2 1.81
tm = X tjxCj/X Cj 0.767 days d > 10
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2.5 i
= 78 min (1.36 hours)
tp = 88 min (1.46 hours)
tm = 1100 min (18.3 hours)
oo
o
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Figure 48. Non-dimensional plot of Rhodamine WT against time in the Central lagoon.
Q = 9 1/s.
7.4.3.3 Test 3: North lagoon (October 2001).
The sludge was removed from the North lagoon in 2001. Refilling started in September o f that same
th
year, with the tracer study carried out on the 11 o f October, with a flow o f 4.5 1/s and wind direction 
contrary to flow direction (West w in d ).
7.4.3.3.1 Flow movement.
The dye tracer got to the outlet 2 hours 35 minutes after injection, with the maximum peak 21 hours 
after injection. If we compare this study (Figure 49) with Test 1 in the South lagoon (channel lagoon) 
(Figure 47), it can be easily seen that the channels delayed the je t flow by approximately 15 hours, 
which represents an 86% reduction o f this type o f short circuit. This evidence demonstrates that short 
circuits are reduced when the L/W ratio is increased.
7.4.3.3.2 Dispersion number.
The dispersion number this time was d = 0.37, whereas in Test 1 in the South lagoon (channel 
lagoon), a dispersion number d = 0.074 was obtained for a flow similar to the one for this test (4.5
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1/s). This evidence is full-scale proof that when the L/W ratio was increased from 9:1 to 79:1, the 
dispersion number was reduced by 79% thus modifying the flow pattern from dispersed to plug flow
The following is a summary o f the values used to obtain the dispersion number ‘d \
Table 27. Summary of the variables used in the calculations to determine dispersion number
‘d’ in the North lagoon on 11th October 2001.
Function V alue Function Value
X tjxCj 726,775 a 2 = X ti2xCj/X Cj - (tm 2) 2,118,573
X C i 348.99 2 2» 2 a t  = a"/ tnT 0.488
tm =X tjxCj/X Cj 1.45 days (34.8 hours) d 0.37
1
0.9
ta = 155 min ( 2.55 hour)0.8
tp = 21 hours0.7
tm = 2082 min ( 34.7 hours)0.6
0.5
0.4
0.3
0.2
0.1
0
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- 0.1
Time (mins)
Figure 49. Non -  dimensional plot of Rhodamine WT against time in the
North lagoon.
O  =  4 .5  1/s.
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During this period faecal coliform removal efficiency was 82.10% in the North lagoon with a flow of 
5 1/s and 85.03 % in the South lagoon (channel lagoon) with a higher flow of 5.33 1/s (see Table 15). 
These results demonstrate the following:
• Channels reduce dispersion from 0.37 to 0.074.
• Retention time increases slightly from 1.45 days to 1.66 days, i.e., 5 hours (see Tables 24 and 27) 
which is consistent with the results obtained by Vorkas (1999) in Colombia.
• On minimising dispersion, faecal coliform removal efficiency increased in October from 82.1% 
to 85.03%, i.e., 2.93%, with an average temperature of 15.49°C and an average of 3.71 sunshine 
hours/day. Unfortunately this comparison could not be made with the same flow in both lagoons 
in June and July, the time of maximum sunshine (7.82 hours/day), because one of the lagoons 
was being drained during those two months.
• However, it can be seen in Figure 38, Page 113 that in the summer there was up to 50% more FC 
removal in the South lagoon (channel lagoon) than in the North lagoon (open lagoon) operating 
at the same flow rate. It can also be seen in the same Figure that FC removal capacity was greater 
in the South lagoon even when it was working with a greater flow than the North lagoon.
7.4.3.4 Test 4: South lagoon (October 2001).
The tracer study was commenced on 18/10/01 in the channel lagoon (South lagoon). At the time, the 
prevailing wind was blowing SSW —against the inlet flow. The tracer began to arrive ta = 7.83 hours 
after injection, reaching maximum concentration peak tp = 23.33 hours after the experiment was 
begun, mean hydraulic retention time was 25.86 hours (Figure 50). for a 6-1/s flow. However, it was 
observed that dispersion is affected by wind direction, in spite of obtaining a more symmetrical curve 
with less dispersion (d = 0.042) than in test 1.
The following is a summary of the values used to obtain the dispersion number ‘d \
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Table 28. Summary of the variables used in the calculations to determine dispersion number
‘d’ in the South lagoon on 18th October 2001.
Function Value Function Value
X  t iX Cj 475430 ct“ =  X  tj2x C j /X  Cj -  ( t m 2) 1.99xl05
XC, 306.225 2 , 2 crt = a “/ tm“ 0.08
tm =X tjxCj/X Cj 1.07 days (25.86 hours) d 0.042
ta = 470 min (7.83 hours)
tD = 23 hours
tm = 1552 min (25.86 hours)
oo
o
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Figure 50. Non -  dimensional plot of Rhodamine WT against time in the South lagoon.
Q = 6 1/s
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7.4.3.S Test 5: North lagoon (May 2002).
During April -  September 2002 only two lagoons, North and South, were operating. In April 2002, 
draining o f the Central lagoon was started for subsequent desludging. The Rhodamine WT study was
• thagain carried out in the North lagoon on 9 May. The study was done for an operational flow o f 7.92 
1/s, which produced a dispersion number d >10 (completely mixed) (see Figure 51).
2
1.8
~  30 min (0.5 hours)1.6
tp= 115 min (1.92 hours)1.4
1.2 tm = 1629 min (27.15 hours)
1
0.8
0.6
0.4
0.2
0
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000
Time (mins)
Figure 51. Non -  dimensional plot of Rhodamine WT against time in the North lagoon.
Q = 7.92 1/s
7.4.3.5.1 Fluid movement.
For this test, the tracer arrived with a ta = 30 minutes (0.5 hours) (see Figure 51), ie, approximately 2 
hours earlier than Test 3 developed in the same lagoon for a flow o f 4.5 1/s (sec Figure 49). In other 
words, this short circuit occurred more quickly. Furthermore, maximum peak concentration reaches tp 
= 1.92 hours after injection and the flow pattern changed from dispersed to completely mixed when 
the flow rate change from 4.5 to 7.92 1/s.
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It is evident that drastic variations of flow rate and short-circuiting are generated when the L/W ratio 
is low (9:1 in North and Central lagoon). This occurs to a much lesser degree when the L/W ratio is 
equal to 79:1 (South lagoon).
7.4.3.5.2 Dispersion number.
The results of the study reveal that the dispersion number is increased from 0.37 to >10 when flow is 
increased from 4.5 1/s to 7.92 1/s. The Central lagoon was also completely mixed with d >10, with a 
flow of 9 1/s.
7.4.4 Calculating the Reynolds number.
Stabilisation ponds are usually rectangular in shape and the Reynolds number can be defined by
equation 23 Chow (1959). This is similar to the equation Re = - — ————r-----  _ produced by
(I W + 2 Z >m v
Polprasert and Bhattarai, (1985), but, without a factor 4 in the expression. It should be noted that 
the hydraulic retention time of a pipe is equivalent to D/4 (which is obtained by dividing the area of 
the pipe by its perimeter). Based on the analogy of pipe systems, for a pond a factor of 4 is 
introduced by Polprasert and Bhattarai, (1985) in their equation. The Reynolds number is an 
indicator of turbulence within a reactor. It follows that completely mixed ponds should have high 
values whereas plug flow channels should have low value.
R e =  ( 2 3 )
(iW + 2Z)tmv
Where:
L = Channel length (in the case of rectangular lagoons, length of lagoon)
W = width of lagoon or channel
Z = lagoon depth
tm = hydraulic retention time
v = Kinematics viscosity (1.14 x 10"6 m3/s)
The Reynolds number may be obtained experimentally,
Re = —  ( 2 4 )
V
Where: v = fluid velocity 
L = channel length
v = Kinematics viscosity (1.14 x 1 O'6 m3/s)
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The surface velocity o f the fluid was measured in Lidsey using floating objects (oranges) and at 
different depths using drogues. These instruments were previously used by Lloyd and Vorkas in 
Mexico (see Photo. 26) in a lagoon with concrete banks.
Photo 26. Drogues in Mexico lagoon with concrete banks.
The banks in Lidsey are natural, ie, soil, with borders surrounded by natural vegetation (see Photos 
22 and 23). In the Lidsey maturation ponds, the vegetation acted as a barrier that prevented the 
oranges from completing the full trajectory. This, o f course, precludes obtaining reliable information 
on the average velocity o f the fluid.
A dye tracer could prove to be a useful instrument to determine the surface velocity, distribution, and 
trajectory o f the fluid.
A short description o f the difficulties encountered for determining the average experimental velocity 
o f the fluid has already been presented. The only reliable information on the surface velocity o f the 
fluid was obtained with tracer studies. This lack on information on the average fluid velocity in each 
lagoon limits the use o f the equation (24). Chow 's equation (1985) involves the use o f retention time 
and the hydraulic retention time is available, so their (23) equation will be used to obtain the 
Reynolds number.
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Table 29. Calculations for obtaining the Reynolds number using the
Chow (1959) equation (23).
Date Lagoon Length
L (m )
W idth
W(lTl)
Depth
Z (m )
Flow
(1/s)
tm
(s)
(LW Z) (W +2Z)tmv Reynolds
number
26/06/01 South 122 4.65 1.1 4.5 143,424 624 1.12 557
20/07/01 Central 122 14.5 1.0 9.0 66,268 1769 1.25 1419
11/10/01 North 122 13.5 1.0 4.5 125,280 1647 2.21 744
18/10/01 South 122 4.65 1.1 6.0 92,448 624 0.72 864
09/05/02 North 122 13.5 1.0 7.92 97,632 1647 1.73 954
v =  lx K C  m2/s
The results presented in Table 29 indicate that all the lagoons were operating under transitional flow 
conditions (between 500 to 2000, see Appendix 21), but show that the South lagoon (channel lagoon) 
had the lowest Reynolds number. According to Saenz (1986), lagoons that produce the best treatment 
are those that operate under laminar flow conditions. In the present investigation, the preferred 
expression is that “ . . . the best treatment is produced by the lagoon operating with the smallest value 
in the Reynolds number” .
It can also be seen in I able 29 that the Reynolds number decreases as the flow decreases, but that the 
Reynolds number for the South lagoon (channel lagoon), with a flow o f 4.5 1/s. was 557 very close 
to the laminar flow, whereas that o f the North lagoon (open lagoon) was greater than 744. This 
means that laminar flow can be obtained in the South lagoon with very low flow rates, perhaps less 
than 3.5 1/s. This implies an increase in retention time, so it is difficult to conclude that the Reynolds 
number has a direct implication for treatment, but it could be an indirect implication. Besides, there is 
very little information on this topic, whereas there exists sufficient information, at pilot-scale and 
full-scale in which it is shown that retention time is increased when the L/W ratio is increased and, 
consequently, contaminant removal (see Review, Table 7, Page 52). This actually coincides with the 
results o f this investigation.
7.4.5 The effect of wind on fluid surface dispersion.
It was visually observed that the wind has a strong effect on the fluid trajectory (Photos 27 a-c) and 
distribution o f the tracer plume (see Photos 20 and 22). It may cause the plume to be located on the 
right, left or at the centre o f the lagoon, with very varied sizes and shapes. The prevailing wind 
direction in Lidsey is generally WNW and W (see Figures 34 and 53).
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7.4.5.1 Field methodology to identify the effect of wind on fluid surface dispersion.
a) On 8 May, 2003, simultaneous experiments were run with Rhodamine WT and oranges. Both 
experiments were carried out in the South lagoon (channel lagoon)
b) The oranges and the Rhodamine WT were put in at the inlet by two collaborators (see Photo 
27a)
c) Notes were then taken, recording the movement of the Rhodamine WT and the oranges, 
following the methodology outlined.
d) Two more experiments were run with oranges in channel B after the previous experiment with 
oranges had ended. Ten oranges were thrown in at the beginning and end of the channel in 
order to determine surface dispersion at the fluid crossing points between channel A and B..
7.4.5.2. Simultaneous orange-tracer movement.
The prevailing wind direction was west, with a velocity of 0.65 m/s. The trajectory of the oranges 
was similar to that of the tracer for the first 5-meter (see Photo 27a-c). This evidence was confirmed 
by Aldana (2003) in a Computational Fluid Dynamic model (CFD) HYDRO-3D. At the time of 
going to press, he was only able to supply the information on wind effect in Channel “A”, South 
lagoon (channel lagoon) (Figure 52a). Half an hour after the start of the experiment, the tracer 
maintained its displacement, whereas the oranges got trapped in the vegetation, just as had occurred 
in the 2001 experiments. Unfortunately, the vegetation surrounding the lagoon limits the appropriate 
development of the experiment with the oranges in channels A and C.
The next experiment was to determine the surface movement of the fluid at the channel A to B and 
channel B to C crossing points.
The oranges were placed at the beginning of channel B and, instead of continuing to move along the 
length of channel B they went back towards channel A and vice versa. The crossing points were 
considered conflict zones of turbulence (in Chapter 3), due mainly to changes in direction and 
velocity and magnified by wind force, which could coincide with what Aldana (2003) reports in his 
thesis with the CFD (see Figure 52b).
This evidence confirms the advantage of a length-wise vs a cross-wise channel (mentioned in 
Chapter 3, Pages 67 and 68): the fewer the number of cross points, the fewer the number of short 
circuits.
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Effect of wind on fluid 
surface dispersion
Channel A
Wind direction
Figure 52a. CFD simulated hydraulic behaviour in channel A at South lagoon 
with wind effect (Source: Aldana, 2003).
Increasing vector length (green arrows) and varying direction indicates increased turbulence.
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a)
b)
c)
Photo 27. Tracer and floats oranges experiment at the South lagoon.
(May 2003)
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Velocity
Dead-zones
Channel A
Channel B
Wind direction
Figure 52b. CFD simulation of the hydraulic behaviour in channel A and 
B in South lagoon with wind effect (Source Aldana (2003).
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Summary.
• The following table summarises the five Rhodamine WT studies carried out in the Lidsey 
maturation ponds.
Table 30. Summary of the five Rhodamine WT studies.
Date Lagoon ta
(hours)
tP
(hours)
t
(day)
tm
(day)
tm /t (100) Flow
(1/s)
d
26/06/01 South 17.5 25 4.76 1.66 35% 4.5 0.074
20/07/01 C entral 1.3 1.47 2.17 0.767 35% 9.0 > 10
11/10/01 N orth 2.58 21 4.02 1.45 36% 4.5 0.37
18/10/01 South 7.83 23 3.57 1.07 27% 6.0 0.042
09/05/02 N orth 1.5 1.92 2.36 1.13 47.9% 7.92 >10
t* =  tim e in w hich the tracer reaches the outle t ; tp =  tim e a t w hich the m axim um  tracer peak  is reached ; tm  =  hydrau lic  re tention  tim e;
t =  nom inal re tention  time
The foregoing table shows that there is a lot o f discrepancy between nominal retention time and 
hydraulic retention time. Yanez (1986) reports the same experience (see Table 5). A possible reason 
for the discrepancy in the present research is partly the way in which the flow measurements were 
taken. They were recorded manually at certain hours o f the day (between 10 am and 2 pm) on 
monitoring days. The rest o f the information is lacking. However, the tm is in the range 27-47.9% o f 
the nominal retention time, emphasising the hydraulic inefficiency in all studies even the channel 
lagoon ones.
• In general, the five Rhodamine WT studies carried out in the three lagoons reveal the following:
o The type o f flow is governed by the L/W ratio and flow rate.
o Dispersion can be minimised in open lagoons when they operate with low flow.
o It was determined that retention time in the South lagoon (channel lagoon) was 5 hours
longer than the North lagoon (open lagoon) with both operating at a similar flow rate (4.5
1/s).
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o The dispersion number may be reduced up to 89% by modifying the LAV ratio from 9:1 
to 79:1.
o The Reynolds number was reduced with the channel lagoon from 744 to 557, ie, 25%.
• In general, the results presented in this research (Table 27) provide tangible proof that plug 
flow, unlike the assertion of Thackston et al., (1987) -who reported that it is impossible to 
achieve- can be approched in practice with a 79:1 L/W ratio. It is also a full-scale 
demonstration that plug flow is the better type of flow for faecal coliform removal -in  
comparison with dispersed and completely mixed flow. Juanico (1991) had suggested that plug 
flow was better at faecal coliform removal than complete mix and this has been proved at full 
scale in the channel lagoon at Lidsey.
• Retention time is very closely linked with flow dispersion: the lesser the dispersion, the greater 
the retention time. The difference between retention times in the open channel at Lidsey with 
dispersed flow (d = 0.37) and the channel lagoon with plug flow (d = 0.04) was five hours. 
This had been reported by Lloyd et al, (2002), who found a five-hour increase in retention 
time when dispersion was reduced from 0.79 to 0.65, which tallies with the results obtained 
herein.
• Exit delay time is another aspect that may be considered as important with respect to the 
channel lagoon. In a lagoon with three channels, the course of flow is three times greater than in 
an open lagoon. This engineering design offers a better hydraulic behaviour (reduction of short 
circuits) than that of the open lagoon, with which it can reduce the jet effect and delay flow 
exit from 2 hours 35 mins to 17.5 hours, ie, 85 % (see Figure 54), thus avoiding the quick 
exit of that portion of fast-travelling untreated water in the upper layers (Saenz, 1983). This 
undoubtedly allows the quality of the treatment to be improved, as there is an increase in the 
retention time of the water particles that exit rapidly because of short circuits.
• The flow exit delay depends on the L/W ratio. The larger the L/W ratio, the greater the flow 
exit delay, because the design permits a better correction of this type of short circuit. Table 30 
presents a comparison between the Ginebra-Colombia and the Lidsey-England cases, in which 
the effect of the L/W ratio on flow exit delay can be clearly seen.
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Table 31. Comparing ta and tp for the open and channel lagoon in Colombia and in England.
Lagoon location and 
type
L/W
Ratio
Flow rate
1/s
fa
(hours) (hours)
FC
reduction
(% )
O pen lagoon 
G inebra
4.5:1 5.6 2 6 90
Open lagoon (N orth) 
Lidsey
9:1 4.5 2.58 25 69*
C hannel lagoon 
G inebra
35:1 5.6 6 10 95
C hannel lagoon (South) 
Lidsey
79:1 4.5 17.5 21 89*
A verage o f  data  from  2002.
The greater the reduction o f short circuits and dispersion, the more the induction towards plug flow 
-w hich is the desired flow pattern for FC removal. The desideratum  is to generate the greatest flow 
exit delay, but that must be subject to:
o Cost o f treatment, because, even though the channels only require an initial 
investment, these resources are generally not made available
o On the other hand, the width o f the channel must be limited to the width o f the plant 
maintenance machinery available in the country, otherwise there would be problems 
when the lagoons are due for maintenance (desludging).
• Faecal coliform removal improved considerably after the channels were installed, with efficiency 
in the South lagoon (channel lagoon) reaching up to 50% more than the North lagoon (open 
lagoon), with both operating simultaneously at the same flow rate and under the same 
environmental conditions (see Figure 38)
• The installation o f channels is an engineering solution that enables rehabilitation o f maturation 
ponds at low cost, taking advantage o f existing facilities without requiring the acquisition o f 
additional land. The alternative, constructing a new lagoon, requires additional land, which very 
often is not available. That is to say, initial investment costs are required, plus additional costs 
for operation and maintenance. Another advantage to be gained from using channels is that they 
can be installed quickly, whereas the construction o f a new lagoon requires the acquisition or
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purchase of additional land, which entails legal proceedings, which may take a long time -and 
the cost of time is not quantifiable.
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8. FAECAL COLIFORM REMOVAL MECHANISMS.
8.1 Introduction.
This research has been conducted on the basis of observation and the search for evidence 
that would enable bona fide confirmation of the facts under observation.
The following was observed while field work was under way:
• Desludging has a negative impact on FC removal in the maturation ponds at Lidsey.
• Bright days with long sunlight periods have a positive effect on FC removal (see 
review, exposure to sunlight Page 29).
• FC removal in the channel lagoon has reached a reduction of 2.88 logarithms, at a 
maximum pond temperature of 19°C
• The 79:1 L/W ratio favours piston flow, producing a delayed jet flow and an increase 
in retention time, which is substantially beneficial to the treatment (see Figure 54 and 
Table 31).
Sufficient evidence was presented in Chapter 7 to confirm that the installation of the 
channels (increasing the LAV ratio):
• Substantially reduced the dispersion number
• Increased retention time
• Substantially improved the bacteriological quality of the effluent.
• Made use of the existing installations
This evidence was not only confirmed in this research, but it also agrees with that 
reported by Camp (1946); Kilani and Ogunrombi (1984); Thackston (1987); Frederick 
(1995); Muttamara and Puetpaiboon (1997); Vorkas (1999);) and Lloyd et a l (2002).
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Retention time is not only affected by the L/W ratio, but by other variables as well, such 
as sludge depth (see Page 30). When the lagoon is desludged, the depth of the water is 
increased, thus favouring retention time and, consequently, FC removal (Lloyd et al, 
2000).
In reality, there is a strong conviction that retention time does not act alone, because 
many researchers have highlighted the importance of some other factors within FC 
removal mechanisms, such as biotic and abiotic factors (Gloyna 1972; Sauce 1978) 
Among the abiotic parameters, Mezrioui et al (1995) established that bacterial survival is 
reduced by temperature ranges between 23°C and 30°C. Another abiotic parameter 
indicated by Moeller and Calkins (1980) as a bacteria removal mechanism was the effect 
of sunlight which they considered as having either a direct or indirect effect.
Another investigation by Lian et al (1998) indicated that faecal coliform removal 
efficiencies and E. coli were increased by solar radiation. Curtis 1990; Curtis and Mara 
1994 showed that visible light between 425-700 nm, in the presence of pH > 9 and high 
oxygen concentration contribute significantly to bacteria removal. Indeed, sunlight is 
absorbed by a sensitizer (humic substances) that reacts with oxygen to form peroxides or 
hydroxyl radicals. High pH causes a disruption of the cytoplasmic membrane (Mendoca 
et al, 1994). Trousellier et a l (1986) had previously demonstrated that pH was the factor 
responsible for FC removal in WSP. Him et a l (1980) obtained the same results in 
brackish waters, together with temperature. Pearson et al, 1987 a,b and 1996; Curtis 
1990; Curtis and Mara, 1994) have defined pH values over 9 as the lethal for bacteria. 
However de Oliveira (1990), Fernandez et al (1992 a,b), and Gambril et al, (1992) 
found the FC removal in ponds was independent of high pH.
Of equal importance is the investigation carried out by Mayo (1989) and Sarikaya and 
Saatci (1987), who demonstrated that die-off decreases with depth because of the 
limitation to the penetration of sunlight. This tallies with Alkan et a l (1995), who 
demonstrated that bacteria die-off is greater when turbidity is diminished. It has a 
profound effect on the penetration of light into the water column and therefore increases 
its effectiveness.
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Davies-Colley (1999) presented a study wherein evidence is presented of the effect of the 
E. coli, phage and other species removal mechanisms, attributed to the microbicidal 
action of UV-B and visible light (see review Pages .29 and 30), it means that the bacteria 
could die at different wavelengths as environmental conditions change.
Gannon et al (1983) showed that sedimentation was an important element in overall 
faecal coliform disappearance that is the mechanisms for faecal coliforms removal in 
anaerobic and facultative ponds.
The foregoing has been a short summary of the parameters to which each researcher or 
group of researchers attributes FC removal. The majority depend on environmental 
conditions, which are peculiar to each region and not controlled by man in WSPs. On the 
other hand, reference to pH and DO is an indirect reference to photosynthetic activity, 
which depends on sunlight and that is why the function of algae (a biological activity) is 
mentioned in the lagoon. Algae utilise CO2 from the natural carbonate buffer system 
during photosynthetic activity, with the resulting hydroxyl ions (OH') causing the 
increase in pH found especially in maturation ponds during daylight (Frederick, 1995). In 
other words, DO and pH variations depend directly on solar radiation and on how long it 
lasts -a  process that cannot be controlled from the engineering point of view in WSPs.
The variables in the photosynthetic process are easier to manipulate in maturation ponds 
located after conventional treatment, in which case retention time can be manipulated. A 
conventional plant removes a great quantity of SS and nutrients, which allows sunlight to 
penetrate freely throughout the water column in maturation ponds. Logically, this is a 
desired condition, in which a minimum concentration of algae. pH and DO is expected. 
To obtain this condition, a careful analysis of the following is needed:
a) The way in which conventional treatment works in order to guarantee the 
removal of nutrients and solids;
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b) Treatment with maturation ponds to guarantee minimum algal growth, 
especially in countries with four (4) clearly defined seasons, with highly varied 
daylight and sunlight intensity periods.
Researchers have been attempting to identify FC removal mechanisms for several 
decades, with an ever-increasing tendency to identify retention time and bactericidal 
action of sunlight as the main intervening factors. Unfortunately, there is very little 
information on the relationship between these two parameters because the research 
usually requires costly projects involving multidisciplinary teams and the use of generally 
unavailable resources.
Nevertheless, each research project has contributed to the identification of FC removal 
mechanisms. The task at hand, however, is how to interlink these parameters in such a 
way as to determine which one governs the process and why.
To that end, additional pilot- and full-scale experiments had to be designed and 
implemented for the present research. These included determining some of the 
parameters involved in the FC removal mechanism. In other words, no effort was spared 
to interlink these parameters to try to “get to the bottom” of what really occurs in 
maturation ponds, notwithstanding the fact that this topic is not the main objective of the 
present thesis.
Additionally, the Lidsey sewage treatment plant values for the die-off constant at two 
different temperatures were also determined for FC and FS.
8.2 Effect of retention time, sunlight and temperature on FC removal in a pilot 
scale experiment.
A two-week experiment designed to show the effect produced by sunlight, retention time 
and temperature on FC removal with and without sunlight was carried out at the Godalming 
sewage treatment plant in August 2002. The aim was to determine whether FC removal is 
much better at the same temperature under light, as opposed to dark conditions.
• The experiment was not run at Lidsey for two powerful reasons:
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1) The Lidsey sewage treatment plant is located 40 miles from the University of Surrey, 
whereas Goldaming is at approximately 10 miles. Money and transport are limited in 
this research.
2) There is a long concrete channel very near the maturation ponds in the Godalming 
plant, in which it was originally intended to develop the experiment in order to reduce 
costs.
Several pipes from the plant discharge secondary effluent into this concrete channel, of 
which the small outlets were plugged up. The 40-cm gate was closed to stem the water, but 
it continued to seep through, in spite of sandbags having been laid behind the closed sluice 
gate. This delayed the experiment, which was to have been carried out in summer. It was 
finally decided to implement a practical solution, ie, installing two 250-litre tanks. It is 
worth mentioning that the ornithologists in the area were opposed to the experiment, but an 
agreement was reached for the experiment to be carried out for a short time (one or two 
weeks).
8.2.1 Description of the experiment.
The lagoon water from the Godalming tertiary maturation pond to the experimental pilot 
maturation tanks was derived via a J4” hose (see Photo 28).
The incoming flow was forked to derive the feed water for the two pilot maturation ponds. 
The diameter of the internal inlet was reduced from V2” to 8 mm to control the inward flow.
Sunlight was blocked from one of the tanks with plywood. Both tanks were covered with 
plastic to keep the wind out, thus guaranteeing similar conditions for the experiment (Photo 
29).
■ Two types of tests were run:
o Batch with different retention times, 
o Continuous flow.
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Photo 28. Pilot lagoons in dark and light conditions covered with transparent plastic.
Tank feed water
V6“ hose.
Tank with sunlight 
blocked out
Tank open to 
sunlight
'V'": i
Photo 29. Experiment at Godalming treatment plant (with and without
sunlight).
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The tanks were too small to simulate retention times of 24 hours or more with continuous 
flow, which was approximately the hydraulic retention time in the Lidsey lagoons. That is 
why the experiment was run in batches, since this test would allow the determination of 
faecal coliform removal for different retention times. Besides, it guarantees that all elements 
in the water have the same retention time (plug flow).
Attempts were made to have similar flows in both tanks for the continuous-flow test. 
Although the flow was calibrated at each monitoring point, with similar flows obtained at 
the end of each calibration, they were found to be different at the next monitoring occasion. 
This time-consuming effort was all to no avail. Time was a very important variable, because 
samples were taken twice a day. This meant two return trips to Godalming per day, 
monitoring time, and sample-processing time in the laboratory. This was such an exhausting 
task that it was decided to implement batch-type experiments. The following measurements 
were taken at the site:
- Temperature 
Sunlight intensity
- Dissolved oxygen
- pH
- Turbidity
- Ammonium
Sunlight intensity was measured in lux with a digital light meter. Light meter readings were 
taken above the open tanks to the light with the sensor immediately over the water, face 
upwards. The lux is a small unit. An alternative unit is the Watt per metre squared (W/m ). 
To obtain watts per metre squared when the illuminance in lux is known, multiply by
0.00146 (lux. Internet information)
Two samples per day were taken for two weeks. The following were determined for each 
sample:
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- Faecal coliforms
- Suspended solids (SS);
Chlorophyll a.
8.2.1.1 Results from batch experiment.
The batch experiments were run with different retention times, in order to observe how 
sunlight affected bacteria removal. The samples were taken twice a day, between 11 am 
and 12:30 pm and between 5:00 and 6:30 pm. The following results were obtained:
The eight experiments in the presence and absence of sunlight were carried out 
simultaneously (Appendix 15 a,b), with similar retention times. Chlorophyll 
concentration, pH, DO and temperature were similar in both experiments (see Table 32). 
Under these working conditions, the faecal coliform removal efficiency of the experiment 
under light conditions was 6% greater than the one under dark conditions, which can only 
be attributed to the presence of light.
The batch experiment was generally started at 6:00 am and the samples taken between 
noon and 6:00 pm, which means that retention times in 50% of the cases analysed 
coincided with sunlight hours.
In the study in the presence of sunlight, the following correlations were obtained for 
100% of the eight cases:
■ Retention time and efficiency: 0.90 (quite good)
■ Temperature and efficiency: 0.63 (It was similar to the correlation obtained in 
Lidsey for these parameters).
■ Light and efficiency: 0.78 (In this analysis one has to be careful because in 50% 
of the cases retention time exceeded sunlight hours during the day. This means 
that both tanks worked under dark conditions at night, ie, in 50% of the cases the 
sunlight parameter was not completely isolated. Therefore, it was not really the 
best comparison)*.
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Table 32. Average values of the parameters under analysis in the pilot experiment 
under dark and light conditions from 01/08/02 to 12/08/02.
Param eters O utlet O utlet
light condition d a rk  condition
FC (cfu/100 ml) 5.8xl03 1.05xl04
FC removal efficiency (% ) 85.53 79.75
SS (mg/1) 2.63 4.51
Chlorophyll (pg /I) 4.4 3.61
T em perature (°C) 19.46 18.07
Oxygen (mg/1) 9.78 8.94
pH 7.42 7.52
n h 4 0.75 0.84
Turbidity  (NTU) 2.25 2.44
t & E correlation (R2) 0.90 0.92
T& E correlation (R2) 0.63 0.67
L &E correlation (R2) 0.78
t = retention time ; T= temperature ; E = efficiency; L = light in lux\ 
Raw data and statistical correlation are presented in appendix 15.
Taking only those experiments in which it is certain that both were tested only in the 
presence o f sunlight (during the day light), and recalculating the correlation between the 
different parameters.
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Table 33. Comparison of faecal coliform removal efficiency in the absence or 
presence of sunlight (taking samples during the day light).
Date Time
(hour)
Taking
samples
FC removal 
efficiency (% )
(light
condition)
FC removal 
efficiency (% )
(dark
condition)
Retention
time
(hours)
Light
{lux)
02/08/02 11:30 am 75.53 70.53 5.30 108
02/08/02 6.30 pm 8 8 .6 8 81.05 12.30 470
05/08/02 12:15 pm 67.14 65.96 6.15 103
05/08/02 5.25 pm 83.1 65.02 11.25 260
Average 78.61 70.64
t&E correlation 
<R2)
0.90
T&E correlation
(r 2)
0.78
t = retention time; T  =  tem perature; E = efficiency
Case exposed to sunlight:
• A correlation o f 0.90 for light and efficiency, ie, 0.12 greater than the result for the 
case analysed previously.
• Faecal coliform removal for the experiment under light conditions was 7.97% greater 
than the one under dark conditions, almost 2 % above the case analysed with the 
combined light + dark condition and dark condition.
• The correlation between temperature and efficiency also indicates an important role for 
temperature in faecal coliform removal, but it is not the main factor in the temperature 
range studied.
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These results serve to explain why summer time faecal coliform removal in the Lidsey 
maturation ponds were better than the results obtained by Lloyd et a l (2002) in the 
Ginebra lagoon. The water in the Lidsey lagoons was always transparent and allowed light 
to penetrate freely, whereas the presence of dense layers of algae limited light penetration 
in the Ginebra lagoon.
In the Godalming experiments, it was also demonstrated that retention time was an 
important parameter for faecal coliform removal in both light and dark conditions. 
However, in a batch experiment there is a guarantee that all the water particles have an 
equal retention time. That can only be guaranteed in continuous flow with plug flow, 
which is the type of flow that is most favourable to faecal coliform removal (Thackston 
1983, James 1987, Juanico, 1991, Vorkas, 1999; Lloyd etal., 2002).
The first four values in Figure 55 are the ones for the cases where retention time and 
exposure to daylight were conducted during one day length period. The other values are 
the ones in which day and night were combined with retention time, ie, presence and 
absence of sunlight.
8.2.1.1.1 Mechanisms of FC removal in batch experiment (Figure 55 interpretation).
There are some cases with similar temperatures:
1. 17.5 and 17.6°C with retention times of 5.30 and 15 hours, respectively, with which 
75% and 80% removal was obtained in both cases. In these two cases, the light 
measured in lux was low, ie, the only parameter that underwent an important change 
was retention time, requiring a 10-hour increase to remove another 5%.
2. In the case where the temperature was 18.4 and 18.8 °C, retention times were 6.15 and 
28 hours, respectively, and sunlight in lux was 103 and 270. Efficiency in the case of 
6.15 hours was 65% and 99% for 28 hours. The comparison between 1) and 2) is given 
to demonstrate that not temperature but the presence of light and retention time were 
the most important parameter in coliform removal in Godalming and Lidsey as well. In 
the limited range studied temperature plays a secondary role, as indicated by the values 
in the statistical correlations.
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3. The effect of sunlight intensity and retention time on FC removal may be observed in 
the following example, taken from Figure 55. For a 6.15 hours retention time in the 
tank, FC removal efficiency decreased when light intensity decreased. The opposite 
effect is seen for a 34-hour retention time: FC removal efficiency improves 
dramatically when there is a simultaneous increase in retention time and light intensity.
It is worth mentioning again here that sunlight penetration is favoured by low turbidity 
in both Lidsey and the Godalming pilot experiment.
4. Finally, in the tank with no sunlight, the most important parameter for FC removal was 
retention time. This can be supported by the FC removal mechanism in dark condition, 
predation or starvation (Curtis, 1990; Curtis and Mara, 1994 and Bitton, 1999).
8.2.1.1.2 Mechanisms of FC removal in batch experiment (Statistical analysis).
This data has been analyzed graphically. The following step will be a statistical analysis 
in the presence and absence of sunlight. The application of multiple regression analysis 
has been considered for the parameters measured during the experiment in order to 
determine their statistical significance in contributing to FC removal.
The Statistical Package for the Social Sciences (SPSS) was applied, using the stepwise 
estimation method -a  method of selecting variables for inclusion in the regression model 
that starts with selecting the best predictor of the dependent variable.
The following variables were selected for multiple regressions: 
o FC removal efficiency as the dependent variable, 
o Retention time in hours, 
o Sunlight intensity measured as lux. 
o Temperature in °C. 
o Ammonium (mg/1), 
o DO (mg/1).
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o SS (mg/1), 
o pH.
o Chlorophyll a (pig/1).
Regression results indicated that the best predictor for FC removal in the absence or 
presence of sunlight was hydraulic retention time (see Appendix 16a and 16c), with 
values of:
R2 = 0.85 and 0.82, P = 0.001 and 0.002, respectively, (see Figure 56).
The following order had previously been indicated by the graphic analysis for FC 
removal:
• Hydraulic retention time
• Sunlight
• Temperature.
Several tests with linear multi-regression were needed to corroborate the graphic 
interpretation of the experiment in the presence of sunlight. Retention time was excluded 
in the first instance and the information was processed considering only exposure to 
sunlight and temperature. Surprisingly the last parameter had to be excluded from the 
multiple regression because of its significance (P = 0.220), ie, much higher than 0.05. In 
this analysis, the significant predictor for FC removal was sunlight, with P = 0.021 and 
R = 0.62, less than those of retention time, whereas sunlight has a positive influence that 
improves treatment but depends on retention time.
Since all the other variables were excluded, only the plots for FC removal efficiency and 
retention time will be presented. In this case, this is a linear regression model.
In the linear regression plot presented for light and dark condition (Figure 56), it can be 
seen that the regression for light condition is above that for dark condition, with an 
average distance between them equivalent to 6% efficiency (see Table 32).
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Figure 56. Lineal regression between hydraulic retention time and FC removal 
efficiency in dark and light condition.
Removal efficiency in the tank under exposure to sunlight was greater because of the 
natural disinfection produced by sunlight (see review, Page 29).
The statistical models for the batch experiment were obtained for retention time between 
five and 34 hours and for a range of temperature between 17°C and 21°C.
For the dark condition:
FC (%) = 60.262 + 1.1637 (tm) (25)
For the light condition:
FC (%) = 69.015 + 0.986 (tm) (26)
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Where:
tm = retention time in hours.
Finally, the data were again run through SPSS, excluding retention time and light 
intensity in order to determine whether there was any other significant contribution by 
any other parameter, all to no avail.
8.3 Effect of retention time, sunlight and temperature on FC removal in Lidsey.
Initially, natural disinfection by sunlight had not been considered among the objectives of 
this research, so there are no field measurements in Lidsey.
After the very favourable results obtained at pilot scale in Godalming (presented in 
8.2.1), it was decided to design a new experiment in Lidsey, which was carried out in 
May 2003.
The experiment was designed to determine the following simultaneously:
• Temperature, pH, turbidity, DO, ammonium in the South lagoon (channel 
lagoon) outlet. The Grant/logger was brought online, registering values at 30- 
minute intervals.
• Samples were taken at the entry and exit to the channel lagoon. FC and FS 
were determined.
• Flow was measured manually at the exit to determine nominal retention time. 
FC and FS die-off constant (K) was determined.
• A tracer study was developed to determine hydraulic retention time.
• Finally, manual records were kept, using a light meter, of light intensity 
during the period that the samples were collected.
This experiment was pursuing several objectives, one of which was to confirm the results 
obtained at Godalming at pilot scale. SPSS was used to carry out multiregression.
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The following parameters were used for the multiregression:
• FC removal efficiency as the dependent variable.
• Temperature.
• pH
• Ammonium (NH4)
• DO
• Light Intensity.
• Nominal retention time
Some observations on the conditions under which the data were obtained are in order
before reporting on the multi-regression reports on the Lidsey experiment:
• The experiment was at full scale with continuous flow, unlike the one at pilot scale,
which was a batch experiment, in which the flow pattern was plug flow. It must also
be noted that in a batch experiment there is no difference whatsoever between 
nominal retention time and hydraulic retention time.
• In a continuous flow experiment, nominal retention time is different from hydraulic 
retention time (Table 5)
• The experimental period in Lidsey, ranged between 3 and 4 days (see Appendix 
17a,b), with few fluctuations. Statistically, the effect of retention time was blocked. 
so it is not expected that multiregression will indicate it as an important statistical 
predictor.
These are the multiregression results (see Appendix 17c). These reveal three possible
models, the data for which are summarized in Table 34.
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Table 34. Model summary from multiregression analysis.
Model R-
squared
Adjusted 
R square
Std. e rro r of 
estimate.
P < 0.05
1 0.365a 0.330 3.1705 0.005
2 0.665 b 0.625 2.37391 0 .0 0 0
3 0.857c 0.830 1.59755 0 .0 0 0
a. Predictors: Constant, DO.
b. Predictors : Constant, DO, Ammonium.
c. Predictors: Constant, DO, Am monium, Light.
8.3.1 Interpretation of statistical analysis for the full-scale experiment.
• Model 1: In this model the dependent and independent variable was FC and dissolved 
oxygen (DO), respectively. The regression produced by the effect o f dissolved oxygen on 
FC removal is statistically significant, which could coincide partially with what Curtis et 
al. ( I992a) reported. It is not totally in accordance with Curtis et al. (1992), because 
dissolved oxygen concentration was not high - in  fact, it was low, between 3 and 5 mg/l­
and the maximum pH recorded was < 9.
• The value o f R2 = 0.330 for Model 1 was low (see Table 34). This means that, in 
reality, DO contribution affects FC is 33% and that removal is affected by other factors 
the other 67% of the contribution.
• Model 2 : For this model, stepwise-selected two independent variables: DO and 
Ammonium. It can be seen in l able 34 that R2 is strengthened from 0.333 to 0.625 when 
stepwise increases the independent variables. Likewise, that the degree o f significance o f 
the regression is strengthened from 0.005 to 0.000. O f course, this model can predict 31% 
better than Model 1. However, there is an even better model.
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• Model 3: This last model indicates that the real dependence of FC removal is given 
by a model that involves DO, ammonium and sunlight intensity. It can be seen in Table 
34 that when stepwise regression includes these three parameters R2 increases to 0.857 
with a degree of significance of 0.000. Again, the Standard Error of Models 1 to 3 
decreases from 3.17 to 1.59 (see Table 34), i.e., Model 3 presents the smallest prediction 
error.
• Statistical evidence reveals that the most robust model is Model 3, which 
simultaneously involves three independent variables (DO, ammonium, light intensity), 
but that these three variables do not impact FC removal when they are isolated.
Logically, these three variables depend on the natural process of photosynthesis, which is 
governed by the presence of sunlight.
The multi-regression equation for FC removal for continuous flow was obtained for a 
retention time of between 3 and 4.5 days, with temperature oscillating between 13.5 and 
15°C. This expression is given by:
FC (%) = 63.548 + 5.130 (DO) +1.149 (A) + 5.45 xlO'3 (I) (27)
Where:
DO = dissolved oxygen mg/1.
A = ammonium (mg/1)
I = light intensity (1000 x lux).
8.3.2 Factors controlling FC removal in the batch experiment in Godalming and in 
the channel maturation pond in Lidsey.
Note that operating conditions are different for the pilot and full scale model in 
Godalming and Lidsey, respectively, so the comparison was not completely just. The first 
test is for a batch experiment, in which total control of retention time was established. 
Besides, in a batch experiment, the bacteriological quality of the inlet has a unique value,
i.e., there is greater precision in the FC removal measured.
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The second test developed at Lidsey sewage treatment plant is for a continuous-flow 
experiment with constant variations in flow and influent quality. Besides, the full-scale 
lagoon includes some vegetation in the bottom and along the walls, which could perhaps 
cause some modifications to the hydraulic and biological behaviour of the system, which 
could affect the treatment.
In any case, a good comparison may be made between the results of both the pilot and 
full-scale results in order to take the most advantage of both studies and indicate which 
are the parameters that contribute the most to FC removal.
The pilot-scale test clearly reveals that retention time was the main parameter for FC 
removal, regardless of the presence or absence of sunlight. This efficiency was 
substantially improved (6%) in the presence of sunlight. The rest of the parameters 
monitored (pH, temperature, ammonium, etc.) had no statistically significant influence.
The full-scale experiment was developed with very little variation of retention time, so 
this variable was statistically blocked. When the effect of retention time is eliminated, 
other parameters become statistically significant, such as DO, ammonium and light 
intensity. It may be considered that both experiments offer complementary information 
that lead to the clarification of FC removal mechanisms in Lidsey.
Sarikaya and Saatci (1987) included a study with a tracer (salt) in their investigation. 
However, they laid no emphasis on hydraulic results, they only concluded “...in our 
study, the effect o f retention time on the K  values was found to be small n\  Then they 
indicate that retention was kept constant in all three ponds, thereby eliminating its effect 
in the analysis of the influence of pond depth. Undoubtedly, if the effect of retention time 
is blocked or eliminated, the effect of sunlight would then become the first parameter that 
affects FC removal, just as occurred in Lidsey. On the contrary, retention time would 
become the main parameter in FC removal, such as occurred in the pilot scale at 
Godalming. In other words, an appropriate experimental design is required to identify the 
factors that affect FC removal.
205
Data management is also an important part of any study. A simple linear regression 
between two parameters (independent and dependent) does not allow a robust statistical 
model to be set up and this could, in its turn, lead to erroneous conclusions.
Sarikaya and Saatci (1987), for example, presented linear regressions between a 
dependent and an independent variable. They did not present multiple regression of a 
dependent variable (FC) with all the possible independent variables (retention time, 
lagoon depth, pH, DO, etc.), excluding the simultaneous effect of all parameters.
The search for appropriate answers to reach conclusions consistent with reality generally 
depends on experimental design, laboratory methods, analysis of the variables and how 
the parameters are interlinked. One frequently sees research that develops laboratory 
experiments under controlled conditions, i.e., under ideal conditions, for which they use 
small containers and obtain exceptional results. In full-scale lagoons, on the other hand, 
these experiments are either impractical or cannot be replicated, because the lagoons 
include very varied environmental factors that affect the lagoon ecosystem and, therefore, 
the treatment.
8.3.3 Relationship of exposure to sunshine vs. FC removal with flow type in Lidsey 
sewage treatment plant.
Unfortunately, there are no values for sunlight intensity. However, the values of sunshine 
hours and temperature for 2001 were found in the Internet (Bognor Regis station), and 
these were associated with FC removal in the open (Central lagoon) and the channel lagoon 
(South lagoon).
In Figure 57, it can be seen that faecal coliform removal efficiency in the South lagoon 
(channel lagoon) increases as sunshine hours increase. The flow in this lagoon tends 
towards the plug type, in which all the elements in the water have the same retention time, 
which means that the water elements are exposed to sunlight for the same amount of time, 
which favours treatment. This confirms the importance of flow type and its relationship 
with exposure to sunlight. It also confirms the evidence presented in 8.2.1.1 at pilot batch 
scale.
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Figure 57. Average sunshine (hours/day) & temperature (°C) & efficiency (%) in the
South lagoon (channel).
In Figure 58 there is a greater variation between sunshine hours and faecal coliform 
removal efficiency in the Central lagoon. This is because the type o f  flow in that lagoon for 
that period was “completely” mixed (see Table 30). In general, lagoons which are supposed 
to be completely mixed produce short circuits and dead zones, which are reduced with plug 
flow. The studies with Rhodamine WT carried out in this research offer the following 
evidence:
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a) When the flow is “completely” mixed, the tracer begins to appear one hour after it is 
injected into the water (see Figure 48). This means that there is a fraction o f  water that exits
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Figure 58. Average sunshine (hours/day) & temperature (°C) & efficiency (%) in the
Central lagoon.
untreated because o f the strong short circuits caused by je t flow.
b) When the flow is plug flow, as in the case o f the channel lagoon in the Figure 57, the 
tracer begins to appear up to 17.5 hours after injection (see Chapter 7. Figure 54), with 
longer residence in the lagoon, which results in a better treatment, because the channels 
retard the jet flow. In other words, the water that leaves the lagoon quickly, because o f 
short circuits, remains in the lagoon at least 44.47% o f the mean hydraulic retention time,
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8.3.4 Determining Chlorophyll a in Lidsey sewage treatment plant.
Algae are an important feature and characteristic of healthy operating wastewater pond 
treatment systems. They contain chlorophyll and exhibit true photosynthesis, utilising light 
as the energy source for cell synthesis. It is through the photosynthesis process that simple, 
stable inorganic compounds are converted into energy-rich matter (algal cells) and oxygen. 
This process is dependent on environmental conditions in the pond, which must be 
conducive to the growth and development of healthy algal communities (Frederick, 1995).
Low pH and DO values were reported during the research period in Lidsey (2000-2002). 
This did not help to clarify the faecal coliform removal mechanism in maturation ponds 
proposed by Curtis et al. (1992a) or by the group of researchers that report high pH as 
being responsible for FC removal (Him et al, 1980; Pearson et al, 1987 a,b and 1996). 
There was also no evidence of the presence of significant amounts of algae or chlorophyll 
a in the lagoon.
8.3.4.1 Chlorophyll a.
Samples were taken at the inlet and outlet of the North and South lagoon during July 2002. 
Certain pond samples were analysed for chlorophyll a to determine productivity. The 
samples were (600 ml) filtered using 47 mm glass-fibre filter (Whatman GF/C), followed 
by extraction with 90% methanol, and centrifuging at 3000/4000 rev/min. The absorbency 
of the supernatant was measured at 665 nm and at 750 nm in a spectrophotometer.
The concentration of chlorophyll-# may be calculated from the equation:
VexExODfc 65-750)Chlorophyll-a = -----------—^ ---------   (28)
Where:
Chlorophyll-# = Concentration of chlorophyll-# in pig/1 
Ve = Volume of extract in ml
E = Extinction coefficient of chlorophyll-# in 90% methanol =13.9
209
Where:
Chlorophyll-# = Concentration of chlorophyll-# in pg/1 
Ve = Volume o f extract in ml
E = Extinction coefficient o f chlorophyll-# in 90% methanol =13.9
OD (665-750) = Absorbance o f the extract at 665 nm less the absorbance at 750 nm.
V f = Volume o f water filtered in liters.
1 = Path length of cuvette in cm.
8.3.4.2 Results and discussion.
The results in the Table 35 show that chlorophyll concentration was very low at the three 
monitoring points, because the concentration o f algae in a maturation pond is usually in 
the range o f 500-2000 pg chlorophyll a per litre (Mara and Pearson. 1998).
Table 35. Chlorophyll a concentration at Lidsey.
Date Inlet lagoon
(Pg/I)
North outlet 
lagoon (pg/1)
South outlet 
lagoon (pg/l)
09/07/2002 11.46 3.47 4.52
16/07/2002 10 .00 7.60 6.60
22/07/2002 13.56 5.14 5.14
30/07/2002 11.58 6 .0 0 7.00
Average (jLig/1) 11.65 5.55 5.80
On 15th August 2002, a sample was taken at six internal points in the channel lagoon, two 
points in each channel at a depth of 50 cm (see Figure 59). A sample was also taken at
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the inlet and outlet. The samples in channel A were taken at 50m and 100m from the inlet 
and were identified as A\ and A2. The samples from channels B and C were taken at 
points adjacent to channel A and were identified as Bi, B2, Ci and C2. Attempts were 
made to collect samples from the bottom, but it contained too much mud, so the idea was 
abi
Not to scale
. n le t
122 111
Figure 59. Internal points monitoring in the channel 
lagoon at Lidsey.
natena
Photo 30. Channel B in 
the South lagoon.
Photo 32. Floating 
material 
in point B, 
in the South lagoon.
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Photo 31. Samples taken in channel 
B from channel A.
The Grant Logger was used to measure sample pH, NH4, turbidity and temperature. 
Unfortunately, the DO sensor did not work and this important information is missing. SS, 
COD and chlorophyll a were analysed in the laboratory. The results are shown in Table
36. During sampling, a film of algae was observed on certain parts of the inner walls of
channel B (Photo 30). The samples in this channel were taken near the walls (Photo 31). 
In sample Bi, a large quantity of organisms was observed constantly “jumping” at great 
speed.
These organisms were black and oval-shaped, approximately 2 mm in size, something 
like crustaceans, perhaps ostracods, but there is no certainty about its type because they 
were not identified under the microscope. The sample also contained some orange worms 
that might be tubifex worms (Fitter and Manuel, 1986). Strangely enough, these 
organisms were found in only one of the six samples taken. This would seem to indicate 
that the ecosystem in channel B is not uniform throughout and that it is different from the 
ones in channels A and C. A great quantity of floating and sunken material was seen in 
channel B. From their appearance, they could be diatoms (see Photo 32) but samples of 
this material must be taken for identification thereof.
The highest chlorophyll a concentrations were determined at points Bi and B2 (100 pg1 
and 6 6  pg1, respectively), and at point Ci (118 pg1), but they are all less than 500 pg1 
defined by Mara and Pearson (1998) as typical for maturation ponds. SS were also high at 
points Bi (116 mg/1) and B2 OIO mg/1) but not at point Ci (3 mg/1) (see Table 36). The 
highest COD concentration was 102 mg/1, recorded at point Bi.
Chlorophyll behaviour in channel B was atypical when compared with A and C. This 
may be the result of a different hydraulic behaviour, which can be explained as follows: 
The walls on both sides of the central channel are built with rectangular polyurethane. 
This geometry differs from that of channels A and C. The transverse section of channels 
A and C is a trapezium, whereas that of B is a rectangle. Besides, this channel has a free 
border of about 20 cm on both sides (see Chapter 7, Photo 10). This border acts as a 
windbreak, which reduces some of the effect of the wind on the water surface. This in its 
turn, may reduce wind-induced movements of the water surface.
212
In other words, since the geometric configuration of channel B differs from that of 
channels A and C, the hydraulic behaviour may be different, thus favouring the growth of 
algae. Aldana (2003 In progress) is currently working on the hydraulic behaviour of the 
channel lagoon with and without wind effect using a pilot scale model and a computer 
model. Unfortunately, at the time this thesis was written Aldana still did not have the 
results of his PhD thesis, so they could not be included herein.
Alabaster et al. (1991) reported a concentration of chlorophyll-# between 59-3178 p.g/1 
obtained in a facultative pond in Kenya. Pearson et al. (1987c) in Lourdes Portugal, 
documented mean chlorophyll-# of 154 pg/1 in primary facultative ponds; an average of 
1227 pg/1 in secondary facultative ponds; the maturation average was higher at 1454 p.g/1. 
These investigations were done with WSP systems and are different from the Lidsey 
case, where maturation ponds are used as tertiary treatment, after conventional treatment 
in which a high proportion of nutrients have been removed. In the values reported by 
Pearson et al. (1987c), it can be observed that chlorophyll-# concentration was greater in 
the maturation pond than in the primary facultative because the total retention time of the 
system would be that of the primary facultative lagoon plus that of the secondary plus 
that of the maturation pond. That is to say, the fluid has been in sufficient contact with 
the sun to enable it to generate high algae growth.
On the other hand, retention time in the Lidsey maturation ponds was approximately 40 h 
for a 4.5 1/s flow. This retention time decreases when flow increases. Algal cell 
reproduction takes place after 24 hours, ie, retention time in Lidsey is not enough to 
generate a massive algal growth.
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Table 36. Values for the physicochemical parameters of the samples taken on 
18/08/02 in the South lagoon (channel) at Lidsey.
Param eter Points monitoring.
A, A2 B, b 2 c, c2 Inlet O utlet
pH
7.30 7.26 7.20 7.27 7.17 7.25 7.20 7.20
Temperature
°C
20.4 2 0 .8 20.7 20.3 20.7 20.9 19.7 19.5
Chlorophyll
(fg/1)
0.35 0 100 6 6 118.9 1.04 0 2.78
SS (mg/1) 7 8 116 110 3 11 15 1
COD (mg/1) 36 35 102 46 38 40 42 40
n h 4 0.45 0.77 0.78 1.14 0.75 1.06 0.78 1.02
Turbidity
(NTU)
6 1 1 1 1 1 6 1
In a sample previously taken at the inlet and outlet o f the South lagoon (channel lagoon) 
on 18lh June 2002, algae were identified under the microscope and several diatoms had 
been identified at the outlet and other diatoms at the inlet, including Navicula and
Cymbella. Also identified were several filamentous green algae, including Microspora.
Cyanobacteria such as Anabaena were also found. This identification was done by Caryn 
Jones, the CEHE technician.
Summarising, it may be said that every possible effort was used to link FC removal with 
the removal mechanism proposed by Curtis et al. (1992 a). However, high DO 
concentrations and pH values were not recorded at Lidsey, which would incline in favour 
o f the proposal o f Davies-Colley el al. ( 1999) “Sunlight inactivation o f E.coli is strongly
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dependent on DO and also increases strongly with pH > 8.5. At lower pH. sunlight 
inactivation is independent of WSP constituents and the damage is mainly bv UV-B.
The evidence points to sunlight as a strong bactericidal agent, which is manifested in 
Lidsey because of the transparency of the water, especially in June and July, months in 
which there are maximum sunshine hours/day, and longer sunshine periods.
8.4 Effect of temperature on FC removal.
It was mentioned in Chapter 6  how difficult it was to separate the effect of temperature 
and that of sunshine hours/day, because both parameters have a similar tendency. 
However, according to Marais (1974) and other researchers, FC removal depends on 
temperature.
It is worth mentioning that the previous correlations of the monitoring carried out and 
presented in Chapter 6  were done between temperature and the percentage of FC removal 
for each period. That is to say, the data was not organized for a given retention time in 
order to block out or eliminate the effect of this variable.
In order to perform an objective analysis, the monitoring data of the bacteriological post­
evaluation were arranged as follows (Appendix 18):
• Flow between 5-61/s.
• Flow between 7- 8  1/s.
• Flow between 9 -1 1 1/s.
Lineal regression was run on each group of data, the results of which were plotted into 
one graph (Figure 60)
The values obtained for the R2 of each regression were very low (see Figure 60) with 
probability values p > 0.5, i.e., linear regression did not evidence any statistical 
significance to relate FC removal with temperature. This had been noted previously in 3.2 
and 3.3.
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Figure 60. Temperature effect on faecal coliforms removal.
8.5 Effect of desludging on faecal coliform removal in Lidsey.
It has been observed with some concern that FC removal efficiency is substantially 
reduced after desludging in each lagoon, including the channel lagoon. The North Lagoon 
example was given in the summary of Chapter 6 . FC removal efficiency in this lagoon 
was up to 98% in 2000. After desludging in 2001, maximum efficiency was down to 8 6 % 
in the North lagoon (see Table 22).
It is important to point out that most WSP systems are located in the tropics, where algae 
grow rapidly. This is not the case in Lidsey because:
• The tertiary treatment with maturation ponds is located after the conventional 
treatment, which removes most o f the nutrients.
• The desludged lagoon was always “launched” at the end of September or beginning 
o f October, when short sunlit days begin.
• The growth o f diatoms or perhaps other species essential to the habitat is limited by
the little amount o f sunlight present.
• Flow increases greatly during the September-March period as a consequence o f the
rains, so retention time and, consequently, exposure to sunlight is reduced.
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It may therefore be considered that no benefit is derived from desludging in the case o f 
Lidsey. This not only explains low FC removal in the North lagoon, but also that o f the 
South lagoon. Initially (October 2000 -  April 2001), the efficiency o f the latter was poor. 
This was due not only to strong winds and floods, but also to a unique phenomenon o f  the 
ecosystem governed by the climatic conditions peculiar to the region.
In 2002, diatoms were seen with the naked eye in the channel lagoon. The best FC 
removal behaviour in the channel lagoon was reached during this period (see Figure 38). 
This may be explained with the help o f the FC removal model presented for Lidsey in
8.3, which indicates that the presence o f DO, ammonium and intensity o f light are 
required for FC removal, ie, a natural process in which photosynthesis is involved.
8 .6  Batch experiment to measure the die-off constant (Kt) for faecal coliform and 
faecal streptococci in June 2001 and May 2003.
The design o f maturation ponds is based on faecal bacterial decay. Several kinetic models 
have been proposed for the prediction o f bacterial die-off in waste stabilization ponds 
(temperature, solar radiation, predation, retention time) (Bitton, 1999). Table 37 shows how 
decay rates o f E. coli vary in the presence and absence o f sunlight.
Table 37. Effect of solar radiation on decay rates ( h r 1) of E. coli in wastewater
lagoons.
Sample location Exposure conditions E.coli
Lagoon influent light 0.051
dark 0 .0 2 1
Effluent first lagoon light 0.07
dark 0 .0 2 0
Effluent second lagoon light 0.093
dark 0.024
Total retention time in the two lagoons: 16 days. 
Original adopted from < )u fdou ( 1994).
Source: Bitton (1999)
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Several investigators have proposed die-off models based mainly on the effects of 
temperature and solar radiation.
A simple model was proposed by Marais (1974).
^ -  = 1 + KJtm ) (2 )
N,
Temperature has been considered an important factor in bacterial die-off. There is a 
relationship between the decay constant K and temperature.
Kt =K20Ct~20 (29)
Where T = mean ambient air temperature, °C 
K20 = decay constant at 20 °C.
C = constant.
Kt = first-order faecal Colifoim removal constant (d'1)
In a completely mixed pond within a temperature range of 5-21°C, K j is given by the 
following equation (Marais, 1974):
Kt =2.6(1. 19)mo (1)
However, decay rates are sometimes lower than those predicted by equation 1.
The design of maturation ponds is often based on faecal bacterial decay. The first-order rate 
constant or coefficient (Kt) for faecal coliform removal is recognised to be highly 
temperature-dependent (Frederick, 1995). However under batch or plug flow conditions, 
bacterial removal is described by Chick’s Law (Chick, 1910):
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N  K
——= 10 (30)
i
Where:
N e = number o f faecal coliforms/100 ml, at time t.
Nj  = number of faecal coliforms/100 ml, initial population.
Kt = Constant die-off.
A temperature dependent range o f values o f KThas been reported (Table 38).
Table 38. Values of first-order rate constant for faecal coliform removal at various 
temperatures (calculated from equation I).
T°C K r (day-1) T°C K t (day-1) T°C Kt (day-1) T°C Kt (day-1)
6 0.23 1 1 0.54 16 1.30 21 3.09
7 0.27 12 0.65 17 1.54 2 2 3.68
8 0.32 13 0.77 18 1.84 23 4.38
9 0.38 14 0.92 19 2.18 24 5.21
10 0.46 15 1.09 2 0 2.60 25 6 .2 0
Source: M ara and Pearson (1998)
However, decay rates are sometimes lower than those predicted by equation (1). For 
example, the relationship between decay rates and temperature for a number o f waste 
stabilisation ponds in Kenya gave the following equation (Mills el a/., 1992)
Xr = ^ 0(l.I6 6 ) ' - 20 (31)
219
Solar radiation greatly influences the rate of coliform die-off in oxidation ponds (Sarikaya 
and Saatci, 1987). The relationship between the decay constant K and light intensity / is 
given by equation (32)
KT = Kd +Ks(l) (32)
Where:
Kd= decay rate constant in the dark for I = 0, Kd is temperature-dependent; 
Ks = decay rate constant due to effect of light (h"1);
1 = light intensity (cal/cm2/h)
The relationship between K and I at temperatures ranging from 25° to 30° is given by 
equation (33) (Sarikaya and Saatci, 1987).
Kt =0.018 + 0.012(7) (33)
Sarikaya and Saatci (1987) present a model that is easy to manage, one in which one k is 
involved in the absence of sunlight and another in the presence of sunlight as occurs in 
reality, but then Sarikaya et al (1987) present another model as a function of lagoon depth:
Where:
Kt = decay rate constant (day'1)
S0 = daily solar radiation (cal/cm2. day) 
k = light attenuation coefficient (m'1)
H = pond depth (m)
Equation (35) shows that bacterial decay rate in shallow ponds (0.5 m) is higher than in 
deeper ponds, this coincides with the research reported by Pearson et a l (1993), who
Kt =1.156 + 5.244x10 (34)
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showed that shallow maturation ponds (0.3 m) were more efficient at microbiological 
disinfection than deeper ones. In other words, they showed how important the light 
penetration is as a bactericidal agent, which tallies with reports in the literature and what 
was previously analysed in this investigation. Care must be taken, however, when 
suggesting the use of shallow ponds, because they require greater area of land, which not 
only involves costs but availability of land, which is often limited.
Concentration of algae can also be incorporated in die-off kinetic models. A multiple linear 
regression equation gives the bacterial die-off rate, K, as a function of temperature, as well 
as algal concentration and influent COD loading rate (Polprasert et al. 1983)
eKr = 0.6351(1.028 l)r (l .0016)Cs (0.9994) 01 (35)
Where:
T -  temperature °C,
Cs = algae concentration (mg/1)
OL -  COD loading rate (kg COD/ ha.day)
Temperature and pH were also incorporated into another model by Saqqar and Pescod 
(1992). The model shows that coliform reduction rate increases with increasing 
temperature and pH with decreasing soluble BOD5.
eKr = 0.5(1.02) r_29 (1.15)<^-6)2 (0.99784)ssod_10° (36)
Where:
SBOD = soluble BOD5 (mg/1)
Von Sperling (1999) set up a model as a function of lagoon depth (H) and hydraulic 
retention time (tm).
221
K r = 0.97 \H~0S11tm~°329 (37)
These authors have presented models for the prediction of K t as function o f variables such 
as temperature, pH, algal concentration, soluble BOD, solar radiation, applied COD load, 
light attenuation and also depth and hydraulic retention time. This means that researchers 
are aware o f the fact that the die-off constant Kt depends not only on temperature — as 
indicated by Marais (1974)—  but that there are other factors affecting K t that are still 
unclear. In other words, there is no unified criterion for calculating K t.
8.6.1 The batch experiment in Lidsey.
In the Lidsey South lagoon (channel lagoon) the value of Kt was determined in July 2001 
and May 2003 using the batch test (Yanez. 1993), for an average temperature o f 18°C and 
14.5°C, respectively.
Batch reactor is defined as: a container in which a reaction is performed without any inflow 
or outflow o f material during the reaction.
The batch test was run in a cylindrical container that was inserted into a rubber inner tube 
in order to keep the container floating within the South lagoon (see Photo 32).
Photo 33. Batch experiment to determine the value of Kt.
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The cylinder was filled with water from the inlet and left floating in the lagoon for five 
days. Three samples were taken daily between 10:00 a.m. and 2:00 p.m in July 2001 and 
seven samples were taken between 9:00 a.m and 4:00 p.m in May 2003, recording the 
temperature in the first experiment. Faecal coliforms and faecal streptococci in the samples 
were determined. A linear regression was later run, and the value o f Kt for FC and FS was 
obtained from the slope o f the linear regression:
L o g J ^ - L o g N ^  (Chick. 1910) (38)
0 .4 3 4 (/,-(0)
Table 39. Kt obtained for Lidsey at different temperatures from equation 38 .
Log Nt Log No to(hours) tt (hours) Kt ( d 1)
FC (18 °C) 4.00 3.00 30 51 2.63
FC (14.5 °C) 4.48 2 .2 0 6 80 1.659
FS ( 18 °C) 3.00 1.00 21 60 2.84
FS (14.5 °C) 3.28 1.00 7 72 1.939
N = bacteria concentration cfu/lOOml; t = time
8.6.1.1 Comparing KT with the value predicted by the Marais equation (1974).
The values obtained for the die-off constant K t for FC are higher than the ones predicted 
by the Marais equation. Observe in Table 39 that for a temperature o f 14.5 °C K t is 
estimated equal to 0.92 d '1, whereas 1.659 d '1, was obtained by the Marais equation ie, 
1.8 time less.
The behaviour o f KT was similar for FC at 18 °C. According to the prediction, K t =1.84 d' 1 
whereas it was really 2.63, ie, 1.42 time higher. This divergence between the predicted 
value and the real value leads to errors caused by the design o f the model. For maturation 
pond after conventional plant.
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8.6.1.2 Comparing the FC die-off constant with the value predicted by Von Sperling 
(1999).
The die-off constant Kt was obtained in a batch experiment in the channel maturation 
ponds in Lidsey in May 2003. During the experiment, bacteria were monitored and the 
results for the South Lagoon (channel lagoon) were recorded. The average flow was 6.05 
1/s. Hydraulic retention time, obtained experimentally with a tracer, was 1.07 days (see 
Chapter 7, Table 30). Using this real/ authentic data from Lidsey, Kt for FC will be 
obtained from equation 37
KT = 0.971.(1)'°877.1.07'°329
So Kt = 0.949 d'1, ie, 43% lower than the one obtained at Lidsey for 14.5°C but very 
close to the value for Kt = 0.92 d'1 obtained with the Marais equation. This coincidence 
with the prediction generated by the Marais equation was really only a matter of chance, 
that would not occur if light intensity and, consequently, temperature, were to be 
changed. The value of Kt would remain constant in spite of environmental changes, 
since many authors have demonstrated that sunlight is linked to FC removal.
It could be that the appropriate equation might be the one in which retention time could 
be linked with the variables considered by Sarikaya in Equation 34.
Summary.
• It is recognised that FC removal mechanisms are complex to analyse. Even more 
complex is the analysis of the individual effect of each parameter because their 
contributions to FC removal are not individual. There is interaction between 
parameters, which was detected quite clearly in the statistical analysis carried out in 
the case of Lidsey.
• In previous investigations, Curtis reported that the bacteria in maturation ponds can 
be removed by a photo-oxidation process. The statistical model for FC removal 
obtained for Lidsey involves dissolved oxygen, ammonium and light intensity, so the 
possibility of photo-oxidation cannot be discarded. But it cannot be asserted either,
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because in the photo-oxidation process Curtis includes humic substances (yellow 
gilvin) that were not determined in Lidsey. However, Chemical Oxygen Demand, 
which is an indicator of the presence of organic material, was measured, but the 
values detected were low (see Table 36). The possibility that high pH is the 
parameter that affects FC die-off is also untrue for Lidsey, because this value 
generally remained between 7-8.
• Davies-Colley (1999) says that solar rays cause direct damage to the bacterial cell. 
This is perhaps what has happened in Lidsey and that is why turbidity plays such an 
important role, because it limits the penetration of sunlight, a parameter mentioned 
by Alkaan et a l (1995) and indirectly related by Mayo (1989), Sarikaya and Saatci 
(1987) Moeller and Calkins (1980), Lian et al. (1998).
• In the pilot experiment, it was graphically and statistically demonstrated that 
retention time was the most important variable in FC removal -to  which 85% of FC 
removal is attributed. Light intensity, on the other hand, plays a secondary role, with 
6% more FC removal being attributed to the presence of sunlight.
• These two factors do not affect FC removal in isolation. An appropriate habitat that 
would favour these conditions is required, as indicated by Gloyna (1972) and Sauce 
(1978). The North lagoon may be presented as evidence. It reached up to 98% FC 
removal efficiency before desludging and a maximum efficiency of 84% thereafter. 
This occurred with all three lagoons after desludging, however. That is why the 
importance of analysing the natural conditions of the lagoon, without trying to isolate 
any single parameter under controlled conditions in the laboratory, has been stressed 
throughout this Chapter, as this could lead to erroneous conclusions as to what really 
happens in the maturation ponds.
• Being as objective possible, and based on the evidence that has been gathered in this 
investigation, it may be mentioned that there are parameters that affect FC removal, 
such as retention time and sunlight, and that, besides, these parameters are affected 
by physical, chemical, biological and environmental parameters that interact with
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each other. Although mentioning them all is beyond the scope of this investigation, it
is nevertheless possible to mention some of them:
o Retention time: In general existing maturation ponds require engineering 
interventions to improve their flow patterns and change them from dispersed flow 
to piston flow (see Chapter 7). This would guarantee that all the elements in the 
water have the same retention time and the same exposure to sunlight for their 
natural disinfection.
o Turbidity: Natural disinfection requires that the disinfecting agent (sunlight, in 
this case) penetrate throughout the water column. Undoubtedly, this does not 
occur in the majority of WSP systems. It could, however, occur frequently in 
maturation ponds located after conventional treatment, where nutrients and SS 
have been removed by the treatment prior to the lagoon.
o Control of excessive algal growth: In lagoons with very long retention times 
proliferation or massive alga growth. This condition would increase turbidity and 
would unfavourably limit sunlight penetration into the lagoon, an undesirable 
factor.
o Alga multiplication occurs after 24 hours. The logical thing would be to 
implement an optimum hydraulic retention time for the treatment, one that would 
allow a minimal concentration of algae to:
► Maintain an adequate concentration of DO within the system, as well as 
an adequate natural habitat for the treatment
► Guarantee water transparency to allow free entry of sunlight.
► Obtain maximum FC removal efficiency. For example, 99.84% removal 
efficiency was reached in Lidsey with a 39-hour retention time and 17- 
hour exposure to sunlight (see Table 15). In other words, 39 hours may be 
a recommendable hydraulic retention time to obtain optimum treatment 
and limit algal growth, provided that the flow is plug flow, which means 
that the implementation of a channel lagoon is required.
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• The majority of factors controlling FC removal have been linked, with the exception 
of temperature, which evinced no relationship with FC removal in Lidsey, due to the 
narrow range of temperature observed.
• It may be mentioned -with strong evidence- that the channel lagoon is the most 
appropriate for:
o Controlling, handling or manipulating the hydraulic behaviour of the lagoon, 
which provides a series of benefits directly related to sunlight intensity. These two 
parameters constitute the principal binomial for FC removal in maturation ponds 
as tertiary treatment after conventional wastewater treatment.
o It is not a technology that can control the intensity of sunlight because sunlight is 
a natural phenomenon peculiar to the environmental conditions of each region, 
but the channel lagoon may be operated intelligently, using a minimum retention 
time for the days with maximum periods of sunlight (summer) and a longer 
retention time for days with minimum periods of sunlight (winter). A lot of 
success may be had with intelligent management, and the periods of sunlight, but 
not the intensity of light, could be controlled indirectly.
o Besides, the channel lagoon is the most adequate technology for rehabilitating 
existing maturation ponds or to be included in any new designs, because they 
require less land.
• In summary, there is no model for the die-off constant KT that involves retention 
time, light intensity, daylight period and sunlight penetration (turbidity would be 
involved indirectly). That is why predicted values for KT do not coincide with the 
values obtained in reality.
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9. FINAL DISCUSSION.
9.1 Introduction.
The main objective of this thesis has been “to improve the performance of sewage- 
treatment ponds in order to meet reuse and bathing water standards”.
Several strategies were implemented in order to achieve this objective.
1. A diagnostic methodology was applied in the first instance to identify deficiencies 
in tertiary treatment from the operational, maintenance and design point of view.
2. The following evaluations were carried out between May and August 2000:
• Bacteriological performance of the treatment plant.
• Bacteriological monitoring of the Rife River and the receiving bathing beach.
• Bathymetry of the three lagoons.
3. The engineering design of the South lagoon was modified and it was changed into 
a channel lagoon. The L/W ratio was increased from 9:1 it became 79:1.
4. Operational changes were made, such as modifying the flow rate both in the 
original lagoon, denominated open lagoon, and in the lagoon with the engineering 
intervention, designated channel lagoon.
5. Bacteriological and hydraulic evaluations were carried out under the different 
operational conditions in the open and in the channel lagoon to compare the 
benefits/advantages of each configuration.
6. Additional time was later dedicated to determining faecal coliform removal 
mechanisms.
7. Finally, an experiment was run in May 2003. Most of the parameters determined 
at the different stages of this investigation were included in an effort to come to 
definitive conclusions with respect to faecal coliform removal mechanisms (see 
8.3.1).
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9.2 Interpretation of results
Results have shown that FC removal is chiefly governed by retention time. This was 
clearly demonstrated when the pilot scale batch experiment was run at Godalming, in the 
presence and absence o f sunlight, and corroborated by the graphic interpretation of 
Figure.55 and the statistical interpretation described in 8.2.1.1.2. Page 197.
Figure 55. Faecal coliform removal vs temperature vs sunlight intensity vs retention
time.
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In a batch experiment, there is no doubt whatsoever about the flow pattern, because it is 
equivalent to plug flow. On the other hand, in continuous flow the flow pattern depends 
on many factors, L/W ratio (Camp, 1946; Mangelson and Watters. 1972; kilani and 
Ogurombi, 1984; Thackston cl al., 1987; Vorkas. 1999; Lloyd et al., 2002), shape o f  the 
lagoon (Camp 1946. Moreno. 1990; Saenz. 1986; Mara and Pearson, 1998), inlet and 
outlet arrangement (Mangelson and Watters, 1972; Watters et al., 1973; Ferrara and 
Harleman 19 8 1; Shilton and Harrison. 2002), flow rate (Thackston cl al., 1987), wind 
effect (Thackston et al., 1987; Marecos do Monte and Mara. 1987; Moreno. 1990; 
Agumwamba ct a l. 1992; Fares and Lloyd, 1995; Vorkas 1999; Lloyd cl al.. 2002 and 
Archer and Mara. 2002). This is the case in the Lidsey maturation ponds, but this flow 
pattern can be induced at full scale by modifying the L/W ratio to over 79:1, with which a
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dispersion number o f 0.042 to 0.074 for flows ranging between 4.5 and 6 .6  1/s, whereas 
for a L/W ratio o f 9:1 the dispersion number may oscillate between 0.37-10 for a flow 
between 4.5-9 1/s.
Plug flow has been defined by several authors as an ideal flow where d = 0. According to 
Thackston et al. (1987) it is impossible to achieve plug flow at full scale and can only be 
obtained at pilot scale under controlled conditions. In the Lidsey channel lagoon, 
dispersion was not zero, but it was near zero (0.042 and 0.074), so it may be considered 
that plug flow was almost achieved at full scale. The reduction o f the dispersion 
number is associated with reducing short circuits (Mangelson and Watters. 1972: Watters 
et al., 1973; Ferrara and Harleman 1981; Thackston et al, 1987; kilani and Ogurombi, 
1984; Vorkas. 1999: Frederick. 1995; Shilton and Harrison. 2002 and Lloyd et al., 2002), 
with jet flow being the most evident short circuit. It was drastically reduced by 8 6 % with 
the channel lagoon (Figure 54). Jet-flow delay was approximately 15 hours with the 
channel lagoon (Figure 54), for 4.5 1/s, which had a positive effect on hydraulic mean 
retention time, obtaining a 5-hour increase.
These changes in the hydraulic behaviour o f the channel lagoon at Lidsey helped achieve 
the initial objective o f this thesis -improving FC removal, which reached up to 99.84% 
(see Table 40), with an effluent concentration o f 372 cfu/100 ml for a 6 .6  1/s flow at 19°C 
and approximately 17 hours exposure to sunlight.
Table 40. Average maximum efficiency of faecal coliform removal in the South
lagoon (channel lagoon)
Raw sewage 
cfu/lOOml
Inlet lagoon 
cfu/lOOml
O utlet lagoon 
cfu/lOOml
Efficiency
(% )
July-2001 1.8 x 107 2.36 x 105 3.72 x 102 99.84
April-2002 9 .8  x 106 5.48 x 104 7.85 x I02 98.57
May-2003 - 6.06 x I0 4 1.65 x I03 97.27
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tp = 21 h o u rs
t a= 2 . 5  h o u rs ; d  =  0.37; t m = 3 4 6 6  h o u r s  
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Figure 54. Non-dimensional plot of Rhodamine WT against time 
in the South and North lagoons (Q = 4.5 I/s)
Figure 38 shows that the channel lagoon reached up to 50% FC removal efficiency over 
the open lagoon. It can also be seen that, even though the channel lagoon was working 
with a flow higher than the open lagoon’s, its efficiency was even better than the open 
lagoon, which highlights how important hydraulic behaviour is for FC removal.
The importance o f flow patterns with respect to treatment efficiency had been shown on a 
pilot scale by Camp in 1946 (see 2.2.3.2.1). He showed that piston flow was the ideal 
flow for contaminant removal. In 1969, Thirumurthi developed the abacus whichinvolved 
the biodegradation constant K, retention time and BOD removal with dispersion number 
d. He showed that BOD removal was low for a large dispersion number and vice versa
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(sec Figure 10), ie, that BOD removal was inversely proportional to the dispersion 
number.
Figure 38. Faecal coliform removal efficiency (%) & temperature (oC) & flow rate (I/s) 
in the North (open) and South (channel) lagoon from March to July 2002.
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In his 1974 publication, Marais concluded that piston flow is the ideal flow pattern for 
bacteria removal and proposed the use o f lagoons in series to produce plug flow. 
However, the equation he proposed for predicting FC removal was based on complete 
mixing. Although this is contradictory, project engineers and investigators have used this 
equation to design maturation ponds, with no prior objective analysis o f the veracity o f 
the equation.
In 199 1. Juanico showed that bacteria removal was associated with the flow pattern. He 
showed that plug flow produced more than four orders o f magnitudes less bacteria than
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Figure 10. BOD remaining as a percentage
Source: Thirumurthi. 1969.
perfectly mixed ponds. Vorkas, 1999 and Lloyd et al. (2002) showed that FC removal 
was inversely proportional to the dispersion number. In other words, while for an open 
lagoon with a value o f d = 0.79, FC removal efficiency was 90%, for a channel lagoon 
with windbreaks dispersion was 0.401, reaching 98% removal efficiency, with 1.76xl04 
cfu/100ml FC concentration in the effluent.
It can be seen that, even though Lloyd el a l (2002) implemented two engineering 
interventions (increase in L/W ratio, with channels and windbreaks), they still did not 
manage to get the quality o f the effluent at the exit to the WHO (1989) guideline for 
reuse or with the EEC Bathing Water Directive (1976), which were in fact achieved in 
Lidsey. This is explained in detail in 9.2, but it could be said in passing that England has 
an advantage in summer, when sunlit days can be as long as 17 hours, coupled with good 
light penetration (Curtis el a l. 1992b: Sarikaya et al. 1987: Mavo. 1989 because o f low 
turbidity (Alkan et a!.. 1995).
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The exposure to sunlight of the fluid provides an additional benefit (see Table 41), 
because it generates natural disinfection (Moeller and Calkins, 1980; Pearson et a l, 1987; 
Mayo, 1989; Curtis, 1990; Curtis, 1992 a,b; Curtis and Mara 1994; Alkan et a l, 1995; 
Davies-Colley et a l, 1994, 1999 and 2002) a desirable condition in maturation ponds.
Table 41. FC removal in the pilot experiment in Goldaming in presence and 
absence of sunlight (from 01/08/02 to 12/08/02)
Parameter Outlet Outlet
Light condition Dark condition
FC (cfu/100 ml) 5.8xl03 1.05xl04
FC Removal Efficiency (%) 85.53 79.75
Taking maximum advantage of sunlight is directly linked to the optimisation of the 
hydraulic behaviour. When plug flow is generated the particles in the fluid not only have 
the same retention time but also the same amount of time being exposed to sunlight. 
Furthermore, the reduction of the short circuits generated by jet flow produces a 15-hour 
delay (see Figure 54), which helps to guarantee that these particles, which used to exit in 
2 hours 35 minutes, would then get an additional 15 hours exposure to sunlight.
The same is true for retention time. In the channel lagoon, the longer the retention time 
with a plug flow pattern, the greater the guarantee of exposure to sunlight. In July and 
November 2001 the channel lagoon was working with the same flow rate (see Table 15 
and 42), but removal efficiency was greater in July. It was 10% more because more 
sunlight is available during this month.
It would seem, then, that the key to opening the door to successful biological treatment is 
based on the comprehension of the relationship between retention time and natural
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disinfection through exposure to sunlight. The principal factors which increased FC 
removal performance at Lidsey listed below:
Table 42. FC removal efficiency in July and November 2001.
Date Flow rate FC in inlet FC outlet Efficiency
(1/s) cfu/lOOml cfu/lOOml (%)
July-01 6.6 2.36 x 105 3.72 x 102 99.84
November-01 6.6 9.69 xlO4 9.75 x 103 89.94
1. The longer the retention time, the greater the exposure to sunlight.
2. The reduction of short circuits induced piston flow and increased retention time, 
with the results indicated in Point 1.
3. Use of a longer retention time was required in winter than in summer because of 
less availability of sunlight.
Therefore, optimisation of FC removal in the Lidsey maturation ponds will depend on the 
adequate management of hydraulic retention time.
This chapter will make a comparison of the results obtained in the channel lagoon in 
Ginebra-Colombia by Vorkas (1999) and those obtained in the channel lagoon in Lidsey- 
England, which would enable a clear identification of the importance of the L/W ratio, 
the availability of light and turbidity.
9.3. Comparing the results obtained by Vorkas (1999) and Lloyd et a l, (2002) with a 
channel lagoon in Ginebra -  Colombia with the ones obtained in Lidsey.
In his PhD thesis, Vorkas worked on a maturation pond in Ginebra -  Colombia. The 
treatment system initially comprised a UASB, an anaerobic lagoon and a facultative 
lagoon. A maturation pond was subsequently constructed during the development of his 
thesis. Channels were later installed in this lagoon. He designated each of these stages 
‘engineering intervention’. He compared the efficiency of each engineering intervention
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and showed that faecal coliform removal efficiency increased when the dispersion number 
was decreased.
A summary of the results obtained in Ginebra -  Colombia will now be presented and they 
will be compared with the results obtained in Lidsey in June and October 2001, because in 
October and June the open lagoon and the channel lagoon operated in Lidsey with similar 
flow, and Rhodamine WT studies were carried out as well. Therefore, the information for 
that month is complete. The results obtained in Lidsey with the channel lagoon in July 2001 
will also be presented because, even though this lagoon operated with a similar flow to the 
one in Ginebra-Colombia, a much better efficiency was obtained with a considerably lower 
temperature.
From the results shown in Table 43, it can be seen that the dispersion number decreased 
17% after the channels were installed in Ginebra, whereas in Lidsey it decreased from 0.37 
to 0.074, ie, 80%. This really significant change undoubtedly increased faecal coliform 
removal. In October, the temperature in Lidsey was only 15°C, with 3.71 sunshine 
hours/day, yet 85% faecal coliform removal was achieved under these conditions.
In June and July 2001, the temperature was between 18°C and 19°C in Lidsey. around 
seven or eight degrees less than in Ginebra. but the Lidsey channel lagoon reached 99.43 
and 99.84% (see Table 15) efficiency with an operating flow of 4.19 and 6.6 1/s, better than 
that in Ginebra (96%) with 5 .61/s.
The Vorkas results were veiy good. However, it can be seen from this comparison that, 
under the same conditions, FC removal was more efficient in Lidsey in summer than in 
Ginebra in every aspect due to hydraulic performance and light exposure.
Lloyd et al, (2002) also reported installing windbreaks around the maturation ponds to 
reduce short-circuiting and lower the dispersion number. They achieved their objective 
because reducing the value of “d” from 0.65 to 0.401 and
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Table 43. Comparison of the study with channels in Ginebra-Colombia and the study
in Lidsey, England.
Ginebra-Colombia Lidsey - England
Open
lagoon
Channel
lagoon
Open lagoon 
(North)
Channel lagoon 
(South)
Depth (m) 1.1 1.1 1 1
Length (m) 67.5 202 122.4 372.2
W idth (m) 17 (3 channels 
installed)
13.5 4.65
(3 channels installed)
L/W  ratio 4 35:1 9 79:1
Flow (I/s) 5.6 5.6 5.0
(mean October)
4.5 1/s during tracer 
study
4.19
(mean June)
4.5 1/s during tracer 
study
Nominal t (day) 2.52 2.52 4.02 4.76
tm (day) 1.06 
tracer study
1.26 
tracer study
1.45 
tracer study
1.66 
tracer study
Dispersion 
num ber ‘d ’
0.79 0.656 0.37 0.074
Type of flow dispersed dispersed dispersed Plug flow
Mean FC/100 ml 
Lagoon outlet
9.62x104 3.9 xlO4 7.7 xlO4 8.63 xlO2
Reduction (% ) 90.26 96.03 82.1 Oct-01 99.43 June-01
T em peratu re
(°C)
26.2 26 15.43 19
pH 8.11 7.63 7.87 7.67
DO (mg/1) 10.92 4.76 8.39 7.69
T urb id ity  (NTU) 125.5 24.6 3.75 1
Note: nominal retention time and tm are not for the month o f  O ctober or June. They are for the days on w hich the Rhodam ine W T were 
carried out in the m onth o f  O ctober and June (see Table 15).
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increasing faecal coliform removal efficiency from 96% to 98.7%. However, the 
concentration at the outlet was 1.76xl04 (>1000 FC/100 ml), WHO (1989), whereas not 
only was 99.84% removed in Lidsey’s channel lagoon, but the results complied with the 
regulatory reuse standard (< 1000 FC/100 ml) 3.72x102 at the outlet (see Table 15 and 42).
Furthermore, it can be seen that although windbreaks had to be installed in Ginebra to 
obtain a dispersion number of d = 0.4, Lidsey’s North lagoon (open lagoon) achieved a 
value of d = 0.37 -less than the one obtained in Ginebra with windbreaks- with a 9:1 L/W
ratio and a 4.5 1/s flow.
What, then, favours the higher channel-lagoon treatment efficiency in Lidsey?
• Greater L/W ratio (79:1) than the one in Ginebra-Colombia (35:1).
• Up to 17 hours sunlight in England in June-July whereas there is a maximum of 12 
hours in Ginebra-Colombia.
• The maturation ponds in Lidsey constitute tertiary treatment after a conventional 
plant, which has removed suspended solids and part of the nutrients, whereas in a 
WSPs such as the one in Ginebra, suspended solids are not removed but generated by 
natural algal growth thus increasing turbidity.
• Another important factor is sunlight penetration. In Lidsey, the pond water has a 
turbidity of 1 NTU, which is really quite transparent. This allows sunlight to 
penetrate to the bottom of the lagoon. In Ginebra-Colombia average turbidity was 
24.6 NTU with the channel lagoon and 125 NTU with the open lagoon. In verbal 
communication, Professor Lloyd informed us that algal growth was excessive in 
Ginebra -which limits sunlight penetration. This is very common in WSP systems.
The evidence presented above again confirms the importance of geometric 
configuration. In other words, the greater the L/W ratio, the lower the dispersion 
number and the more efficient the FC removal. Furthermore, the importance of 
sunlight penetration was also proven: the less the turbidity, the greater the light 
penetration and the greater the FC removal by natural disinfection.
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sunlight penetration was also proven: the less the turbidity, the greater the light 
penetration and the greater the FC removal by natural disinfection.
One can easily , observe that temperature does not play an important role in the Ginebra 
study because both studies, in the open and channel lagoon, were carried out at 26 
degrees. This means that FC removal improvement is attributed directly to the 
optimisation of hydraulic behaviour, which leads directly to its taking maximum 
advantage of the natural source of sunlight.
Another important aspect to be compared is jet-flow delay. Another look at Figure 54, 
which illustrates the tracer study for the open and channel lagoon, shows that the jet flow 
exits 15 hours later in the channel lagoon in comparison to the open lagoon. It can also be 
seen that this same phenomenon occurred in Ginebra between the channel (tp= 10 hours) 
and open lagoon (tp = 6 hours), but less than at Lidsey (see Figure 63), because the LAV 
ratio was much greater in Lidsey.
Finally, Table 43 shows that dissolved oxygen and pH, both in Lidsey and in Ginebra 
were low and, in spite of that, a maximum FC removal efficiency of 96% was reached in 
Ginebra and 99.84% in Lidsey. This would lead one to conclude that the influence of 
these parameters in FC removal, specifically at Lidsey, was not significant.
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Figure 63. Bacteriophage tracer studies in the open and channel 
lagoons in Ginebra-Colombia.
Q = 5.6 1/s
Source o f data o f  the graph: Vorkas (1999)
Graph: A u t h o r
9.4. Comparing measured and predicted efficiency.
An experiment was run in the South lagoon (channel lagoon) in May 2003. It was 
designed to determine the decay constant Kr at 14 °C for FC and FS (see Table 38, Page 
220). The lagoon was simultaneously monitored, determining FC and FS removal, which 
were 97.27% and 97.61%, respectively (see Table 44).
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Table 44. FC and FS removal in the South lagoon (May 2003)
FC at inlet FC at outlet FS in inlet FS at outlet
Geomean 
cfu/ 1 0 0  ml
6.06 E + 04 1.65 E + 03 4.78 E + 03 1.14 E + 02
Max 
cfu/ 1 0 0  ml
1.64 E + 05 8.00 E + 03 1.11 E + 04 9.85 E + 02
Min 
cfu/ 1 0 0  ml
2.25 E + 04 5.0 E +  02 9.95 E + 02 3.00 E + 01
STDEV 
cfu/ 1 0 0  ml
8.89 E + 04 5.30 E + 04 3.42 E + 03 2.48 E + 02
E fficiency (% ) 97.27 97.61
Raw  data are presented in Appendix 17a and b.
9 .4 .1  Marais’ equation to predict N e.
The equation proposed by Marais (1974) will now be applied to predict FC removal 
efficiency:
K t for FC = 0 .9 2  at 14°C calculated with equation (1)
Flow rate = 6  1/s = 518400 1/day 
Ni = 60,600 cfu/ 1 0 0  ml
xt • i * v  1,851,000/Nominal retention time t = — =  — = 3.57day
(1 I
y  518,400—— 
day
Application of the Marais’ equation with measured Ni values and Marais K t .
N.
N ‘ =ir h  (2>(1 + krt)
244
60,600 cfu 
100 ml_ 1____________ ___ —14144_____
[l + (0.92d~lx3.57days) ’ 100 ml
cfu
Efficiency predicts:
E% = xlOO (39)
6 0 ,6 0 0 -^ — 1 4 ,1 4 4 - ^ -
E % =  WmL----------- 100m/ xl00 =76<66o/o
60,600
Whereas actual E (%) = 97.27%.
Application of the Marais’ equation with actual values of K t  from batch die-off 
study.
FC removal prediction will be worked out again, this time using the actual values 
obtained experimentally.
Kt for 14. °C = 1.659 d'1 
tm = 1.07 days from tracer study 
Ni = 60,600 cfu/lOOml 
Ne = 21836.8 cfu/100 ml 
E% = 63.97%
The value predicted by the Marais (1974) equation is very far from the one obtained in 
the field, because completely mixed is not the appropriate type of flow for bacteria 
removal, but plug flow, as occurred in the channel lagoon. In other words, if  the lagoon
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had been working with complete mix, three additional lagoons would have been needed 
to reach 97.27% of FC removal:.
(1 + K Ttm)" (1 +1.659x1,07)4
N , 60600
= 1021.7cfu /1 0 0 ml « 1 6 5 0 cfu /1 0 0 ml
n = three maturation ponds.
9.4.2 Plug flow equation to predict Ne.
Three channels were installed in the South lagoon at Lidsey in order to obtain the 
appropriate configuration to diminish dispersion and modify the flow from dispersed or 
completely mixed to plug flow. With this new configuration, at a flow rate o f 6 1/s, a 
dispersion number d = 0.042 was obtained. This is quite close to plug flow, so it is 
reasonable to apply the plug flow equation to predict FC removal. However, the Kt value 
obtained experimentally for 14°C will be applied in this case and the hydraulic mean 
retention time.
Kt for 14 °C = 1.659 d'1
tm = 1.07 days from tracer study
Ni = 60,600 cfu/100 ml
Applying the plug-flow equation to predict FC removal US EPA (1983): 
Ne = JV>"v (6)
N, = 60,600_£^L_ {e_1-659rf' 10Mw) = 1 0 2 6 9 .3 6 -^
100 ml 100 ml
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6 0 ,6 0 0 -^ — 1 0 2 6 9 .3 6 -^ -  
E% = --------- \00ng---------------\M mLx\ oo = 83%
60,600—^ —
100 ml
The predicted efficiency 83% is closer to the value actually obtained, 97.27%, so it may 
be considered that the plug-flow equation better predicts FC removal efficiency for the 
channel lagoon than Marais’ equation but it still 14% less than the actually FC removal 
of 97.27%.
Applying the plug-flow equation to predict FS removal:
The following are the calculations for predicting faecal streptococcus (FS) removal:
K T=  1.939 d '1
N j=4780 cfu/100 ml.
tm = 1.07 days from tracer study
Ne= 600.32 cfu/100 ml 
E% = 87.44%
Actual FS removal efficiency was 97.61%, so 87.44% may be considered a good 
estimation.
Engineers require an appropriate equation to design bacteria removal in maturation 
ponds. The one most used since 1974 is the Marais equation, which assumes complete 
mixing. This type of flow does not generate an effluent with good bacteriological quality. 
This is due to the great dispersion that occurs in a “completely mixed” pond, coupled 
with short circuits, especially the larger short circuits generated by jet flow (Chapter 7). 
All of these factors contribute to the reduction of retention time, whereas the opposite is 
true for plug flow.
Camp (1946) had made manifest the important role played by plug flow in contaminant 
removal. Although his study was base on pilot-scale models, his conclusions may be
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proven at full scale. A real and authentic example are the results obtained in this 
investigation, in which it has been presented to demonstrate that, both mathematically 
and experimentally, plug flow is the ideal type of flow for FC and FS removal in 
ponds.
9.4.3 The Curtis equation to predict FC removal (Curtis et al, 1992a).
The model proposed by Curtis et al. (1992) does not involve retention time but other 
important parameters, such as light intensity, DO and pH (Equation 40).
Log FC removal h'1 = -2.76 + 0.000446 (Ir) + 0.323 (pH) + 0.0708 (DO) (40)
The last of these parameters was not statistically significant in faecal coliform removal 
either at pilot or full scale. However, considering the importance o f sunlight and DO in 
FC removal, the Curtis equation will be applied to predict FC removal. The actual data 
obtained for May 2003 (see Appendix 17a) will be used for the calculations.
DO = 4.67 mg/1
pH = 7.48
Light = 58,600 lux = 85.56 W/m2 
Substituting the values in Equation 40:
Log FC removal h’1 = -2.76 + 0.000446 (85.56) +0.323 (7.48) + 0.0708(4.67)
Log FC removal hf1 = 0.06 
Log FC removal d'1 = 1.44 
Actual FC removal in the channel lagoon:
FC removal obtained experimentally.
Ni = 60,600 cfu/100 ml = 4.78 log 
N e = 1650 cfu/100 ml = 3.22 log.
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Log reduction = 4.78 -  3.22 = 1.56 in 1.07 days s  1.46 d'1
The value predicted by the Curtis equation was 1.44, very close to the real value, 1.46. 
This may be explained as follows:
• They used artificially illuminated beakers in the experiment.
• An experiment in a beaker is considered a batch experiment.
• Flow pattern in a batch experiment is equivalent to plug flow, ie, equal illumination
for all elements was guaranteed for all elements in the fluid during the whole
experiment.
• According to the authors’ hypothesis, “...one can consider light to be bactericidal
until reduced to 10% o f its surface strength. ” In comparison with the actual depth of
a maturation pond, a beaker has very little depth, so it simulates only the surface 
layer o f a real lagoon where, according to Curtis et al. (1992a), removal would be at 
its greatest.
In the final analysis, the Curtis equation gave an appropriate prediction o f FC removal in 
the Lidsey channel lagoon because:
• The flow pattern in the channel lagoon is near to plug flow, similar to the one in the 
beaker
• Light penetration was through out the whole column of water, which is what would 
have occurred in the beaker.
• DO and sunlight were important parameters in FC removal, the same as in the beaker 
experiment.
~ In other words, Equation 40 may be used successfully in a channel lagoon, whose flow 
pattern is governed by plug flow, located after a conventional plant with low pH, DO and 
turbidity, in spite of the comment of the authors "... Light will kill more FC in turbid 
ponds than clear ponds if  the algae in the former produced sufficiently high p H  and D O ”.
249
CONCLUSIONS
• Evidence has been presented to show that the most important factor in FC removal is 
retention time. Therefore, what is required is an appropriate engineering design that 
would guarantee that all the particles in the fluid have the same retention time, so that 
all would have the opportunity to receive similar treatment.
• Sunlight acts as a natural disinfectant, which has a very positive effect in England 
between May and August. Low turbidity therefore plays an important role, because it 
allows sunlight to penetrate throughout the water column.
• Maturation ponds are an excellent tertiary treatment after conventional treatment, 
because their influent has a low concentration of algae, low turbidity and suspended 
solids.
• Maturation ponds after conventional treatment should be designed for a period of 
retention time not exceeding 40 hours, to avoid massive algal growth, which blocks 
the entry of sunlight.
• Hydraulic behaviour plays an important role in bacterial removal, with plug flow 
being the ideal type of flow. Plug flow may be induced by designing ponds with 
channels, which can also be used for the rehabilitation of existing lagoons, such as is 
the case in Lidsey.
• The relationship of sunlight to plug flow is that, when the lagoon is working with that 
type of flow, all particles in the water tend to have the same retention time and the 
same opportunity for natural disinfection by exposure to sunlight, thus optimising the 
treatment system at very low cost.
• Considering earlier publications from Pearson et al. (1987) and Curtis et a l (1992a) 
regarding the impact of high pH (see Table 43) on faecal coliform death, it was 
surprising to find their high removal at low pH.
• Marais (1974) was right in concluding that plug flow is the best flow pattern for FC 
removal (see Table 45). His error lies in:
o Assuming complete mixing without experimental evidence
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o Using a theoretical value for the die-off constant K t which was based 
from his equation.
o Using a nominal retention time that is far away from the hydraulic mean 
retention time.
Table 45. A comparison of the values obtained experimentally for bacteria removal 
and for bacteria prediction, from the actual FC and FS inlet concentration in the
South lagoon (channel lagoon).
Equation N,
(cfu/lOOml)
(E xp ta l)
tm
(days)
(E xp ta l)
Kt ( d 1) 
(Exptal)
Ne
(cfu/100ml)
(P red ic ted )
E (% )
Marais (1974)
N  =
‘ (1 + K Ttm)
FC = 60600 
FS = 4780
1.07 F C =  1.659 
FS = 1.939
FC =21830 
FS =1555
63.97
67.48
Plug flow 
(US EPA 1983)
N e = N ,e'
FC = 60600 
FS = 4780
1.07 FC = 2.47 
FS = 2.78
F C =  10269 
FS = 600
83
87
Experimental
efficiency
(%)
FC = 97.27 
FS = 97.61
The inconsistency between the theoretical (0.92 d '1) and experimental value (1.659 d '1) o f 
K j for FC is due mainly to the fact that in Lidsey there is sunlight penetration throughout 
the water column, and for a longer time than in the tropics. It has been shown above that 
this factor positively affects FC removal, in contrast to temperature, which had no 
significant effect in Lidsey.
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• The use of channels in maturation ponds to increase FC removal reduces investment 
and maintenance costs, because no additional land is required.
• The plug-flow equation is under-estimated the FC and FS removal efficiency, 
because:
o The die-off Kt constant was obtained in batch experiment in which the 
effluent was sampled once and held in a 250 litres container.
o The FC and FS removal efficiency in Lidsey was calculated with the 
geomean of the inlet and outlet quality at full scale although similar. 
However batch container and South lagoon represent different scales and 
environmental conditions. For these reasons the batch removal is 10-14 % 
different compared with the actual FC + FS removals.
o An other important reason is the hydraulic retention was not obtained 
simultaneously with the constant die-off and FC removal efficiency and 
that was affected for the short-circuiting induced by the wind in which 
case the value of tm for the prediction would change.
• The Curtis et a l equation was the appropriate one for predicting FC removal 
efficiency in Lidsey, because the values for pH, DO and light were obtained 
simultaneously with the FC removal efficiency. In this case the prediction was very 
close to the actual values, but that equation does not include any parameter for 
design. However the plug flow equation is useful for design because it includes 
retention time and that is an important parameter to obtain the configuration of the 
lagoon.
• FC removal in Lidsey-England, at a maximum temperature of 19 °C, was 
substantially superior to the one obtained by Lloyd et a l (2002) in Ginebra-Colombia 
with 26°C, due to the fact that the L/W ratio in Lidsey was double that in Ginebra, 
turbidity was less and more hours of exposure to sunlight. This clearly demonstrates 
the importance of these three factors.
• In Lidsey, temperature was relatively insensitive for FC removal, with up to 97% 
removal at 14°C and up to 99.84 at 19 °C.
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• It may be concluded that maturation ponds with channels can be successfully used in 
England after conventional treatment.
• Finally, there has been an order of magnitude increase in our understanding of the 
mechanisms controlling the death and removal of FC bacteria during the last 2-3 
decades. The contribution of Curtis (1990); Curtis and Mara (1994); Curtis et al. 
(1992 a) in summarising these phenomena was the identification of the importance of 
DO, light and pH in turbid, tropical environments which are highly significant.
However this study has demonstrated that where turbidity in the liquid column is low, 
high efficiency of FC removal can be achieved in the absence of significant 
photosynthetic activity and at relatively lower temperatures. An attempt is made here 
in Figure 64 to summarise the principal factors relating to light which control FC 
removal based on Curtis’ contribution.
However, it is worthwhile also attempting to provide' a general hierarchical view of 
FC removal factors to stress their relative importance as shown by the author in 
Figure 65.
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RECOMMENDATIONS:
It is suggested that:
• FC removal mechanisms should be gone into at greater depth in maturation ponds 
with channels after conventional treatment in countries with four seasons.
• The type of ecology in each channel should be investigated.
• The time it takes for the ecosystem to be restored after desludging in countries with
four seasons should be determined.
• The plug flow equation or the computational model HYDRO-3D is suggested for the 
design of maturation channel ponds. The model predicts FC removal efficiency,
taking the hydraulic behaviour of the lagoon into consideration.
Criteria required for designing maturation ponds for FC removal:
1. Nj = Geomean FC concentration in raw water (you take sample 
monitoring)
2. Configuration = rectangular channel lagoon (length-wise channel)
3. Relationship between length/width > 79:1
4. Flow pattern = close to plug flow.
5. Kt = obtained experimentally.
6. Equation for design: Ne = Nje~Krlm (plug flow equation)
7. Hydraulic retention time (tm) calculated from the plug flow equation.
8. Nominal retention time (t) = 2 (tm).
(  - 3  \
10. V -  {length\width\depth) for example if the V= 1125 m3
11. Depth = 1 m
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with channels after conventional treatment in countries with four seasons.
• The type of ecology in each channel should be investigated.
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12. You can choose the Length or width, depending of the land area. For 
example length available > 100 m.
Length of the open lagoon = 100 m.
Length of the channel lagoon with channel = n (length of the open lagoon) 
n = 3 channel => L =3 (100m) = 300 m.
L/W =80:1 => width of the channel = L/80
Z=300«=^fF=-^— =3.75w==4 0m
Total width of the lagoon = n (width of the channel) =3 (4 m) = 12 m 
Volume of the lagoon =100m x 12m x 1 m = 1200 m3 > 1125 OK
100 m
257
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Appendix 1a. Sample from May to June, 2000 (see Table 10)
Sequence Raw sewage Primary settled Inlet lagoon North lagoon Centrallagoon South lagoon 
FC
1 9.30E+06 1.20E+07 1.00E+05 8.00E+03 6.80E+04 6.00E+04
2 1.65E+07 2.00E+07 1.10E+05 1.00E+04 2.00E+04 1.50E+04
3 3.40E+07 1.50E+07 3.70E+05 1.00E+04 3.00E+03 4.00E+04
4 2.14E+07 5.60E+06 1.02E+05 1.00E+03 3.50E+04 2.00E+04
5 2.10E+07 1.00E+07 4.35E+05 1.00E+03 1.30E+04 1.25E+04
6 1.47E+07 1.50E+07 7.20E+04 1.10E+03 2.50E+04 2.60E+04
7 1.60E+07 1.00E+07 8.00E+04 5.5QE+03 3.00E+04 3.20E+04
8 1.00E+07 6.00E+06 1.90E+05 3.00E+03 2.30E+04 1.80E+04
9 1.00E+07 6.70E+07 2.00E+05 2.80E+03 1.30E+04 2.00E+04
10 3.80E+07 1.29E+06 5.96E+05 1.43E+04 1.30E+04 1.05E+04
11 1.05E+07 8.40E+06 4.70E+04 1.80E+03 9.50E+03 1.30E+04
12 2.16E+07 2.83E+07 3.41 E+05 1.55E+03 6.00E+03 1.50E+03
13 1.00E+07 1.17E+07 7.40E+05 2.55E+03 1.70E+04 2.07E+04
14 1.14E+07 2.35E+06 9.10E+04 2.65E+03 2.40E+04 1.35E+04
15 8.20E+07 6.80E+06 1.36 E+05 1.75E+03 2.90E+04 1.65E+04
GEOMEAN 1.75E+07 9.76E+06 1.72E+05 3.06E+03 1.73E+04 1.69E+04
MEAN 2.18E+07 1.46E+07 2.41 E+05 4.47E+03 2.19E+04 2.13E+04
MAX 8.20E+07 . 6.70E+07 7.40E+05 1.43E+04 6.80E+04 6.00E+04
MIN 9.30E+06 1.29E+06 4.70E+04 1.00E+03 3.00E+03 1.50E+03
STD 1.88E+07 1.60E+07 2.11 E+05 4.16E+03 1.57E+04 1.41E+04
E(%)
Plant E(%)
44.23 98.24
99.95
98.22 89.96 90.20
Appendix 1 b. Sample from May to June, 2000 (see Table 10)
Sequence Raw sewage Inlet lagoon North lagoon Central lagoon South lagoon
FS
1 2.50E+06 3.00E+02 9.00E+01 2.12E+02 9.00E+01
2 1.40E+07 1.00E+04 9.00E+01 9.00E+02 2.40E+03
3 1.20E+07 2.40E+03 1.00E+02 9.00E+01 9.00E+01
4 1.40E+06 . 3.70E+03 2.00E+02 8.00E+02 1.00E+03
5 5.20E+06 6.50E+03 1.00E+02 9.00E+02 1.20E+03
6 2.90E+05 6.30E+03 1.00E+02 1.30E+03 5.00E+02
7 5.20E+05 3.90E+03 6.00E+02 1.10E+03 1.10E+03
8 5.00E+05 3.50E+03 1.00E+02 1.40E+03 9.00E+02
MEAN 4.55E+06 4.58E+03 1.73E+02 8.38E+02 9.10E+02
MAX 1.40E+07 1.00E+04 6.00E+02 1.40E+03 2.40E+03
MIN 2.90E+05 3.00E+02 9.00E+01 9.00E+01 9.00E+01
STD 5.48E+06 2.96E+03 1.77E+02 4.72E+02 7.43E+02
GEOMEAN 1.97E+06 3.32E+03 1.33E+02 6.30E+02 5.73E+02
E (%) 99.83 96.00 81.05 82.77
Plant E(%) 99.98
Appendix 1 c. Sample from June to July 2000 (see tablel 1)
Sequence
Inlet lagoon North lagoon Central lagoonFC Raw sewage Primary settled
1 2.50E+07 1.15E+07
2 9.06E+06 1.55E+07
3 9.26E+06 1.43E+07
4 9.60E+06 6.35E+06
5 1.16E+07 1.33E+07
6 9.20E+06 7.20E+06
7 . 1.15E+07 8.10E+06
8 9.00E+06 9.00E+06
9 9.50E+06 7.20E+06
10 1.10E+07 7.90E+06
11 9.60E+06 2.63E+07
12 1.92E+07 7.55E+06
13 1.62E+07 3.90E+07
14 2.05E+07 9.90E+06
15 1.02E+07 4.65E+06
16 2.02E+07 7.40E+06
17 1.90E+07 1.25E+07
18 9.60E+06 8.60E+06
19 2.90E+07 9.00E+06
20 1.23E+07 1.04E+07
21 2.60E+07 1.00E+07
22 2.75E+07 9.50E+06
23 2.90E+07 1.90E+07
24 2.05E+07 1.80E+06
25 1.06E+07 1.25E+06
26 6.50E+06 1.18E+07
27 2.30E+07 4.20E+06
28 1.25E+06 6.10E+06
29 1.78E+07 1.00E+07
30 2.75E+07 1.75E+07
1.35E+07 8.96E+06
mean 1.57E+07 1.09E+07
MAX 2.90E+07 3.90E+07
MIN 1.25E+06 1.25E+06
STD 7.68E+06 7.35E+06
6.25E+05 1.10E+03 3.40E+04
6.00E+04 2.20E+03 2.50E+04
2.16E+04 2.15E+03 2.30E+04
1.63E+05 3.11E+04 1.09E+04
1.28E+05 4.18E+04 1.04E+04
1.03E+05 1.28E+04 4.95E+04
4.50E+05 1.26E+05 1.40E+05
4.90E+05 1.18E+Q5 7.20E+05
4.00E+05 1.04E+05 5.94E+05
1.35E+05 5.00E+03 7.50E+04
9.50E+04 4.00E+02 4.90E+04
9.70E+04 6.00E+02 2.20E+04
2.15E+05 1.01 E+05 3.60E+04
1.70E+05 2.80E+03 2.50E+03
9.26E+04 3.00E+03 5.60E+04
9.46E+04 1.25E+03 4.20E+04
1.14E+05 1.90E+03 2.50E+04
9.70E+04 7.40E+03 3.10E+04
1.00E+05 1.85E+03 4.10E+04
3.55E+05 1.50E+03 5.40E+04
3.50E+05 1.60E+03 6.66E+03
8.50E+04 3.55E+03 2.80E+04
1.13E+05 4.55E+03 3.75E+04
1.50E+05 1.70E+04 3.15E+04
1.85E+04 1.15E+04 3.20E+04
2.00E+05 1.06E+04 2.00E+03
3.00E+05 9.40E+02 2.60E+04
1.10E+05 2.46E+04 7.30E+04
1.66E+05 1.95E+04 8.40E+04
2.25E+05 1.00E+05 7.60E+04
1.44E+05 6.92E+03 3.55E+04
1.91 E+05 2.53E+04 8.12E+04
6.25E+05 1.26E+05 7.20E+05
1.85E+04 4.00E+02 2.00E+03
1.48E+05 3.99E+04 1.60E+05
G.MEAN
EFYCIEN
1.35E+07 8.96E+06 1.44E+05 6.92E+03
33.58 98.39 95.19
3.55E+04
75.31
Appendix 1 d. Sample from June to July 2000 (see tablet 1) 
Sequence 
FS
mean
MAX
MIN
STD
G.MEAN
G.EFIC
1 1.27E+06 7.80E+03 3.00E+02 2.10E+03
2 1.00E+06 1.48E+04 1.00E+02 2.20E+03
3 9.40E+05 1.28E+04 2.00E+03 6.80E+03
4 2.08E+06 1.00E+05 1.90E+03 6.70E+03
5 1.70E+06 1.19E+04 8.00E+02 3.50E+03
6 5.60E+05 3.10E+03 1.00E+02 1.60E+02
7 3.25E+06 5.90E+04 1.01 E+04 7.20E+03
8 1.14E+06 9.40E+04 1.25E+04 1.21 E+04
9 2.50E+05 4.30E+03 1.00E+02 1.05E+03
10 8.8QE+05 6.50E+03 2.00E+02 1.85E+03
11 1.98E+06 4.50E+03 7.00E+02 1.70E+03
12 4.20E+05 7.65E+03 1.00E+02 9.00E+02
13 1.80E+04 4.25E+03 1.00E+02 1.25E+03
14 1.61E+06 4.50E+03 1.00E+02 1.55E+03
15 9.61 E+05 4.00E+03 1.00E+02 2.60E+03
16 1.20E+05 6.65E+03 1.10E+02 1.00E+03
17 1.30E+05 6.35E+03 1.00E+02 2.25E+03
18 9.50E+05 7.50E+03 1.00E+02 1.15E+02
19 1.30E+05 1.83E+03 3.00E+02 2.30E+03
20 2.25E+06 5.10E+03 4.00E+02 1.00E+02
21 1.95E+05 1.16E+04 5.00E+02 1.60E+03
22 5.55E+06 6.70E+03 2.00E+02 1.60E+03
23 1.50E+06 6.60E+03 5.00E+02 1.80E+03
24 1.36E+06 7.00E+03 7.00E+02 9.00E+02
25 2.38E+06 1.20E+04 5.00E+02 . 1.10E+03
26 9.90E+05 2.75E+05 4.00E+02 2.25E+03
27 3.15E+06 1.10E+03 6.00E+02 1.95E+03
1.36E+06 2.54E+04 1.24E+03 2.54E+03
5.55E+06 2.75E+05 1.25E+04 1.21 E+04
1.80E+04 1.10E+03 1.00E+02 1.00E+02
1.22E+06 5.61 E+04 2.96E+03 2.68E+03
8.08E+05 9.13E+03
98.87
3.58E+02
96.08
1.57E+03
82.84
Plant E(%) 99.91
Appendix 2a. Sample from August 2000 (From Udsey to Felpham beach).
Sequence
FC Lagoon Effluent Stream Tributary River River Rife Beach Discharge IBeach
1 1.00E+05 4.00E+03 1.20E+02 2.20E+02 9.00E+00 9.00E+00
2 9.00 E+01 2.70E+02 3.00E+01 9.00E+00
3 1.20E+04 3.00E+03 1.80E+02 1.20E+02 1.00E+01 5.50E+02
4 1.90E+04 2.20E+01 1.60E+01 2.00E+01 3.50E+01
5 1.40E+04 1.10E+01 1.20E+01 7.00E+02 1.00E+02
6 3.95E+04 2.80E+04 2.00E+03 2.00E+03 9.00E+01 5.00E+01
7 3.65E+04 4.90E+04 1.65E+03 2.00E+03 5.90E+02 6.50E+02
8 1.40E+03 2.00E+03 2.50E+01 2.50E+01
9 9.45E+04 1.05E+05 1.12E+03 9.60E+03 6.20E+02 6.70E+02
10 1.02E+05 1.06E+05 8.13E+02 8.80E+02 3.10E+01 5.00E+01
11 8.13E+02 6.60E+02 1.00E+01 2.50E+01
MEAN 5.22E+04 4.92E+04 7.47E+02 1.62E+03 1.94E+02 1.98E+02
MAX 1.02E+05 1.06E+05 2.00E+03 9.60E+03 7.00E+02 6.70E+02
MIN 1.20E+04 3.00E+03 1.10E+01 1.20E+01 9.00E+00 9.00E+00
STD 3.99E+04 4.68E+04 7.19E+02 2.77E+03 2.86E+02 2.76E+02
GEOMEAN 3.81 E+04 2.38E+04 2.97E+02 4.14E+02 5.32E+01 6.61 E+01
Appendix 2b. Sample from August 2000 (From Lidsey to Felpham beach).
Sequence
FS Lagoon effluent Stream Tributary river River Rife Beach Ddscharge Beach
1 1.00E+02 1.00E+02 3.00E+01 1.00E+01 9.00E+00 3.00E+01
2 9.00E+00 9.00E+00 1.00E+01 9.00E+00
3 1.00E+02 2.00E+02 9.00E+00 3.00E+01 2.00E+01 6.00E+01
4 9.00E+00 9.00E+00 1.00E+01 1.00E+01
5 4.00E+02 9.00E+00 9.00E+00 1.00E+01 4.00E+01
6 8.00E+02 3.25E+02 2.95E+03 5.20E+02 2.25E+02
7 8.60E+02 1.1QE+03 2.00E+01 2.00E+01
8 5.00E+02 8.00E+02 3.50E+01 1.00E+01
9 7.70E+03 7.30E+03 1.13E+02 2.53E+02 8.00E+01 9.00E+01
10 5.90E+03 4.40E+03 8.00E+02 2.00E+02 2.50E+01 1.00E+01
11 9.38E+01 2.13E+02 9.00E+00 9.00E+00
MEAN 2.50E+03 3.00E+03 2.51 E+02 5.08E+02 6.80E+01 4.66E+01
MAX 7.70E+03 7.30E+03 8.60E+02 2.95E+03 5.20E+02 2.25E+02
MIN 1.00E+02 1.00E+02 9.00E+00 9.QQE+00 9.00E+00 9.00E+00
STD 3.39E+03 3.50E+03 3.27E+02 8.87E+02 1.51 E+02 6.46E+01
GEOMEAN 7.25E+02 8.95E+02 7.11 E+01 9.56E+01 2.35E+01 2.50E+01
Appendix 3a. Sample from October to December 2000 
Sequence
Date FC Raw sewage Inlet lagoon North lagoon Central lagoon South Lagoon
26-Oct 1 2.02E+07 1.07E+05 1.75E+04 7.80E+04 1.65E+05
2 2.43E+07 1.32E+05 2.75E+04 7.00E+04 2.00E+05
3 2.15E+07 1.34E+05 1.20E+04 4.75E+04 1.11 E+05
2-Nov 4 3.60E+06 2.10E+04 9.90E+03 2.00E+04 4.10E+04
5 2.95E+06 3.60E+04 9.30E+03 2.00E+04 3.60E+04
6 2.90E+06 7.30E+04 1.30E+03 1.50E+04 2.70E+04
3-Nov 7 3.15E+06 2.05E+04 1.30E+03 1.00E+04 2.25E+04
8 2.00E+06 1.80E+04 2.35E+03 1.00E+04 1.95E+04
9 1.20E+06 1J20E+04 8.00E+02 5.00E+03 1.30E+04
7-Nov 1 0 3.95E+06 1.95E+04 5.30E+03 2.30E+04 2.90E+04
11 3.90E+06 2.1 OE+04 6.64E+03 1.00E+04 2.00E+04
14-Nov 12 7.66E+06 3.15E+04 1.00E+04 2.20E+04 2.35E+04
13 1.00E+07 2.05E+04 7.30E+03 1.05E+04 1.95E+04
16-Nov 14 7.55E+06 4.80E+04 1.06E+04 3.85 E+04 6.46E+04
1 5 5.16E+06 4.05E+04 1.20E+04 3.95E+04 6.40E+04
1 6 1.03E+07 3.05E+04 1.20E+04 2.90E+04 4.10E+04
21-Nov 17 8.00E+06 6.60E+04 3.10E+04 3.30E+04 7.86E+04
18 8.80E+06 4.50E+04 2.80E+04 3.15E+04 3.80E+04
23-Nov 19 2.50E+07 6.35E+04 2.45E+04 3.65E+04 8.75E+04
2 0 1.03E+07 8.00E+04 2.20E+04 6.40E+04 7.00E+04
21 9.75E+06 6.00E+04 2.70E+04 3.90E+04 6.00E+04
28-Nov 2 2 9.30E+06 8.60E+04 1.60E+04 7.50E+04 9.70E+04
' 23 2.45E+06 4.52E+04 3.50E+04 4.45E+04 1.01 E+05
5-Nov 24 9.70E+06 7.66E+04 1.85E+04 3.00E+04 7.30E+04
25 6.75E+06 5.75E+04 1.10E+04 3.30E+04 6.30E+04
7-Dec 2 6 9.65E+06 6.66E+04 2.75E+04 3.20 E+04 6.65E+04
27 6.60E+06 4.20E+04 2.25E+04 4.00E+04 4.16E+04
28 6.50E+06 6.30E+04 1.60E+04 2.65E+04 5.70E+04
MEAN 8.68E+06 5.42E+04 1.52E+04 3.33E+04 6.18E+04
MAX . 2.50E+07 1.34E+05 3.50E+04 7.80E+04 2.00E+05
MIN 1.20E+06 1.20E+04 8.00E+02 5.00E+03 1.30E+04
STD 6.54E+06 3.28E+04 9.82E+03 1.97E+04 4.37E+04
GEOMEAN
E(%)
Plant E(%)
6.69E+06 4.50E+04
99.33
1.08E+04
75.94
99.6
2.75E+04
39.00
4.96E+04
-10.09
Appendix 3b. Sample from October to December 2000 
Sequence
Date FS Raw Inlet lagoon North lagoon Central lagoon ;South lagoon
26-Oct 1 • 1.30E+06 8.50E+03 2.40E+03 3.65E+03 1.51 E+04
2 1.23E+06 5.10E+03 9.50E+02 1.40E+03 1.25E+05
3 1.00E+06 1.37E+04 8.00E+02 8.50E+03 6.10E+03
31-Oct 4 • 7.80E+06 3.15E+03 1.00E+03 9.00E+02 1.45E+03
5 2.45E+05 1.70E+03 6.00E+02 1.50E+03 2.50E+03
6 3.10E+05 2.95E+03 4.00E+02 1.00E+03 1.75E+03
2-Nov 7 2.20E+05 1.90E+03 7.00E+02 1.10E+03 1.80E+03
8 2.10E+05 2.70E+03 1.00E+02 7.00E+02 1.10E+03
9 2.05E+05 2.15E+03 3.00E+02 8.00E+02 1.70E+03
3-Nov 10 5.15E+05 1.15E+03 1.00E+02 2.00E+02 1.30E+03
11 1.95E+05 1.75E+03 3.00E+02 1.10E+03 1.15E+03
12 1.10E+05 5.00E+02 1.00E+02 3.00E+02 5.00E+02
7-Nov 13 2.55E+05 1.30E+03 5.00E+02 8.00E+02 120E+03
14 8.10E+05 2.00E+03 8.00E+02 1.00E+03 9.00E+02
14-Nov 15 5.10E+05 3.65E+03 7.00E+02 1.10E+03 9.00E+02
16 4.75E+05 1.35E+03 5.00E+02 1.00E+03 1.15E+03
16-Nov 17 1.30E+06 3.00E+03 1.00E+03 3.10E+03 4.40E+03
18 1.55E+06 4.60E+03 1.00E+03 2.15E+03 2.95E+03
19 1.16E+06 4.75E+03 9.00E+02 9.50E+02 1.65E+03
21-Nov 20 5.65E+03 3.45E+03 1.95E+03 2.95E+03 4.40E+03
21 3.20E+05 2.80E+03 9.00E+02 1.10E+03 1.30E+03
23-Nov 22 3.95E+05 5.60E+04 1.05E+04 2.45E+04 3.50E+04
23 5.70E+06 3.50E+04 1.05E+04 1.10E+04 3.55E+04
24 4.75E+05 6.10E+04 8.50E+03 3.55E+04 4.30E+04
28-Nov 25 3.00E+03 1.25E+03 1.15E+03 3.25E+03
5-Nov
26
27 6.00E+05
6.70E+03 
4.10E+03
1.85E+03
9.00E+02
2.70E+03
2.35E+03
3.95E+03
4.20E+03
28 7.90E+05 7.20E+03 1.80E+03 3.30E+03 6.00E+03
7-Dec 29 9.40E+05 1.90E+03 1.90E+03 9.00E+03 1.00E+04
30 9.45 E+05 6.55E+03 4.10E+03 5.50E+03 1.50E+04
31 7.10E+05 7.70E+03 1.70E+03 5.40E+03 8.60E+03
MEAN 1.04E+06 8.43E+03 1.90E+03 4.38E+03 1.11 E+04
MAX 7.80E+06 6.10E+04 1.05E+04 3.55E+04 1.25E+05
MIN 5.65E+03 5.00E+02 1.00E+02 2.00E+02 5.00E+02
STD 1.66E+06 1.48E+04 2.78E+03 7.48E+03 2.38E+04
GEOMEAN 5.22E+05 4.03E+03 9.60E+02 2.01 E+03 3.74E+03
E (%) 
Plant E(%)
99.23 76.17
9.96E+01
50.01 7.23
Appendixx 4a. Sample from February to March 2001.
Sequence
Date FC Raw Inlet lagoon North lagoon Central lagoon South lagoon
15-02-01 1 5.20E+06 7.30E+04 4.95E+04 6.45E+04 7.60E+04
2 5.15E+04 2.45E+04 4.65E+04 6.60E+04
3 4.65E+06 7.20E+04 2.70E+04 3.45E+04 8.95E+04
21-02-01 4 7.90E+06 3.95E+05 1.65E+05 2.45E+05 6.45E+05
5 5.75E+06 1.95E+05 9.05E+04 2.22E+05 5.60E+05
6 5.35E+06 3.80E+05 8.05E+04 7.30E+04 2.10E+05
27-02-01 7 9.33E+06 2.50E+05 1.80E+05 2.05E+05 1.85E+05
8 8.40E+06 1.75E+05 9.90E+04 2.65E+05 3.01 E+05
1/3/01 9 6.60E+06 1.66E+05 7.90E+04 8.80E+04 2.85E+05
10 7.50E+06 1.80E+05 1.02E+05 1.10E+05 3.30E+05
11 9.90E+06 1.80E+05 1.03E+05 1.03E+05 2.80E+05
6/3/01 12 1.07E+07 1.03E+05 6.53E+04 9.60E+04 1.40E+05
13 6.00E+06 9.66E+04 5.40E+04 8.00E+04 1.90E+05
8/1/01 14 2.00E+07 9.10E+04 3.10E+04 8.70E+04 9.40E+04
15 5.35E+06 5.40E+04 2.05E+04 6.35E+04 6.75E+04
16 9.20E+06 8.00E+04 3.45E+04 5.40E+04 6.85E+04
13-03-01 17 5.25E+04 3.75E+04 4.20E+04 7.55E+04
18 1.10E+07 7.90E+04 2.30E+04 4.50E+04 1.10E+05
19 4.25E+06 7.40E+04 2.20E+04 1.90E+04 5.75E+04
15-03-01 20 8.05E+06 4.90E+04 2.75E+04 2.10E+04 4.95E+04
21 8.95E+06 6.90E+04 1.10E+04 1.10E+04 6.25E+04
20-03-01 22 3.40E+06 2.10E+04 1.25E+04 2.95E+04 2.90E+04
23 2.60E+06 3.90E+04 1.60E+04 1.45E+04 2.45 E+04
24 4.00E+06 5.90E+04 1.30E+04 2.05E+04 2.80E+04
26-03-01 25 1.25E+07 5.00E+04 2.60E+04 4.00E+04 3.90E+04
26 1.85E+07 5.50E+04 2.80E+04 2.15E+04 6.90E+04
MEAN 8.13E+06 1.19E+05 5.47E+04 8.08E+04 1.59E+05
MAX 2.00E+07 3.95E+05 1.80E+05 2.65E+05 6.45E+05
MIN 2.60E+06 2.10E+04 1.10E+04 1.10E+04 2.45E+04
GEOMEAN 7.21 E+06 9.15E+04 4.01 E+04 5.63E+04 1.06E+05
E(%) 98.73 56.17 38.55 -15.80
Appendixx 4b. Sample from February to March 2001.
Sequence
Date FS Raw Inlet lagoon North lagoon Central lagoon South lagoon
15-02-01 1 7.00E+05 6.00E+03 4.55E+03 5.90E+03 8.45E+03
2 2.05E+05 6.50E+03 7.00E+03 1.00E+04 1.00E+04
3 1.30E+06 9.50E+03 4.70E+03 5.05E+03 8.25E+03
21-02 4 1.36E+06 4.20E+04 3.00E+04 3.30E+04 5.70E+04
5 1.08E+06 2.00E+04 1.60E+04 1.50E+04 3.60E+04
6 6.30E+05 9.50E+03 1.80E+03 2.50E+03 4.40E+03
27-02-01 7 9.00E+05 9.05E+03 6.50E+03 1.41 E+04 1.90E+04
6 1.50E+06 2.40E+04 1.50E+04 2.90E+04 3.40E+04
1/3/01 9 1.10E+06 9.50E+04 9.00E+04 2.65E+05 2.95E+05
10 9.60E+05 2.10E+05 1.85E+05 2.90E+05 3.20E+04
11 5.30E+05 2.00E+04 1.85E+04 2.70E+04 2.90E+04
6/3/01 12 1.90E+05 1.62E+04 1.00E+04 1.65E+04 2.05E+04
13 1.65E+06 2.75E+04 8.25E+03 9.70E+03 2.00E+04
8/3/01 14 1.20E+06 1.20E+04 6.00E+03 6.55E+03 9.30E+03
15 5.05E+05 9.50E+03 4.75E+03 6.20E+03 9.00E+03
16 2.05E+06 1.00E+04 4.50E+03 5.40E+03 8.90E+03
13-03-01 17 3.30E+05 5.85E+03 4.10E+03 . 6.75E+03 7.30E+03
18 2.05E+05 7.30E+03 2.05E+03 3.25E+03 4.75E+03
19 3.90E+05 7.95E+03 1.95E+03 3.90E+03 4.20E+03
15-03-01 20 2.35E+05 4.25E+03 1.30E+Q3 2.20E+03 4.20E+03
21 3.30E+05 5.90E+03 1.20E+03 8.50E+03 1.25E+03
20-03-01 22 7.30E+05 4.80E+03 1.15E+03 2.70E+03 3.30E+03
23 8.20E+05 3.9OE+03 2.25E+03 2.10E+03 2.50E+03
26-03-01 24 1.10E+05 3.20E+03 2.10E+03 1.15E+03 3.85E+03
25 4.00E+05 5.35E+03 . 2.05E+03 2.10E+03 4.20E+03
MEAN 7.76E+05 2.30E+04 1.72E+04 3.09E+04 2.55E+04
MAX 2.05E+06 2.10E+05 1.85E+05 2.90 E+05 2.95E+05
MIN 1.10E+05 3.20E+03 1.15E+03 1.15E+03 1.25E+03
GEOMEAN
E(%)
Plant E(%)
5.99E+05 1.15E+04
98.07
5.79E+03
49.80
99.6
8.61 E+03 
25.31
1.05E+04
8.88
April to November 2001Appendix 5a. Sample from 
Faecal conforms 
Date (FC) Hour
11/4/01 10:30 a.m 
11:30 a.m 
12:30 p.m
Geomean
E(%)
North lagoon 
2.90E+04 
2.15E+04 
2.80E+04 
2.59E+04 
68.36
Central lagoon 
4.25E+04 
3.75E+04 
4.00E+04 
3.99E+04
51.27
South lagoon 
7.20E+04 
7.06E+04 
7.30E+04 
7.19E+04 
12.35
18/04/01
Geomean
E(%)
26/04/01
Geomean
E(%)
10:30 a.m 
11:30 a.m 
12:30 a.m
11:00 a.m 
12:00 a.m 
1:00 p.m
Raw
1.13E+07
1.05E+07
1.15E+07
1.11E+07
1.20E+07
1.06E+07
1.18E+07
1.14E+07
5.00E+06
7.90E+06
3.85E+06
5.34E+06
Inlet lagoon 
8.40E+04 
8.00E+04 
8.20E+04 
8.20E+04
99.26
3.70E+05
2.90E+05
3.10E+05
3.22E+05
97.19
3.90E+04
4.20E+04
3.20E+04
3.74E+04
99.30
1.02E+05
7.30E+04
8.10E+04
8.45E+04
73.73
1.20E+04
1.10E+04
7.00E+03
9.74E+03
73.97
2.80E+05 
1.15E+05 
1.85E+05 
1.81 E+05 
43.63
3.00E+04
3.15E+04
1.90E+04
2.62E+04
30.03
2.85E+05
2.20E+05
3.00E+05
2.66E+05
17.31
4.00E+04
3.80E+04
2.95E+04
3.55E+04
5.07
Date (FC) Hour Raw
3/5/01 11:00 A.M 5.90E+06
12:00 a.m 9.00E+06
Geomean 7.29E+06
E(%)
Inlet lagoon North lagoon Centrallagoon South lagoon
3.75E+04
6.10E+04
4.78E+04
99.34
7.50E+03
2.20E+04
1.28E+04
73.14
1.15E+04
3.00E+04
1.86E+04
61.16
1.15E+04
3.00E+04
1.86E+04
61.16
10/5/01 11:00 A.M 1.85E+06 5.75E+04 2.20E+04 9.00E+04 3.10E+04
12:00 a.m 2.90E+07 1.70E+05 3.10E+04 4.45E+04
Geomean 7.32E+06 9.89E+04 2.61 E+04 9.00E+04 3.71 E+04
E(%) 98.65 73.59 8.97 62.43
15/05/01
Geomean
E(%)
17/05/01
Geomean
E(%)
22/05/01
Geomean 
E(%) .
24/05/01
Geomean
E(%)
10:30 a.m 
11:30 a.m 
12:30 a.m
11:00 a.m 
12:00 a.m
11:00 a.m 
12:00 a.m 
1:00 p.m
11:00 a.m 
12:00 a.m
4.10E+07
3.90E+07
3.85E+06
1.83E+07
2.00E+07
9.80E+06
1.40E+07
9.90E+06
2.50E+07
2.05E+07
1.72E+07
1.75E+07
2.00E+07
1.87E+07
99.52
6.80E+04
6.85E+04
1.75E+05
9.34E+04
99.49
2.10E+05 
9 30E+04 
1.40E+05 
99.00
5.30E+04
5.90E+04
8.16E+04
6.34E+04
99.63
8.00E+04 
1.01 E+05 
8.99E+04 
99.52
4.00E+03
4.0QE+03
1.10E+04
5.60E+03
94.00
4.05E+05
1.15E+04
6.82E+04
51.17
4.40E+04 
8.00E+04 
3.00E+03 
2.19E+04 
65.41
1.75E+04
2.00E+04
1.87E+04
79.19
1.25E+05 
4.15E+04 
4.35E+04 
6.09E+04 
34.83 .
8.00E+04
5.00E+04
6.32E+04
54.74
7.80E+04
3.85E+04
3.00E+04
4.48E+04
29.32
6.70E+04
7.40E+04
7.04E+04
21.67
3.00E+03
3.95E+04
2.00E+04
1.33E+04
85.73
8.00E+04
1.10E+05
9.38E+04
32.87
4.00E+04
1.00E+04
2.00E+03
9.28E+03
85.36
6.60E+04 
7.60E+04 
7.08 E+04 
21.21
Appendix 5a. Sample from April to November 2001
Hour Raw Inlet lagoon North lagoon Central lagoon
12:00 a.m
Date (FC) 
13/06/01 
Geomean 
E(%)
14/06/01
Geomean
E(%)
20/06/01
Geomean
E(%)
28/06/01
Geamean 
E (%)
10:30 a.m 
11:30 a.m 
1:00 p.m
10:30 a.m
11:00 a.m 
12:00 a.m 
1:00 p.m
1.20E+07
8.10E+06
8.90E+06
1.05E+07
9.11E+06
2.05E+07
6.40E+06
1.07E+07
1.90E+07
1.09E+07
6.95E+04
99.42
5.00E+04
2.00E+05
1.12E+05
1.04E+05
9.89E+01
3.90E+05
98.10
1.90E+05
2.80E+05
1.75E+05
2.10E+05
98.07
2.00E+04
71.22
1.30E+04 
2.10E+04 
1.25E+04 
1.51 E+04 
8.55E+01
3.00E+04
92.31
8.20E+04
4.90E+04
5.80E+04
6.15E+04
70.75
5.00E+02
99.28
6.00E+02
1.00E+03
5.00E+02
6.69E+02
9.94E+01
3.80E+02
99.90
1.05E+03
6.60E+02
7.80E+02
8.15E+02
99.61
Date(FC) Hour Raw Inlet lagoon Central lagoon South lagoon
5/7/01 11:00 a.m 3.00E+07 2.05E+05 4.95E+04 4.05E+02
12:00 A.M 1.90E+07 1.75E+05 3.90E+04 5.10E+02
Geomean 2.39E+07 1.89E+05 4.39E+04 4.54E+02
E(%) 99.21 76.80 99.76
10/7/01 11:00 A.M 4.25E+06 2.90E+05 2.80E+04 2.90E+02
12:00 a.m 3.25E+07 4.10E+05 2.90E+04 3.00E+02
1:00 p.m 1.01E+07 4.70E+04 3.80E+04 4.00E+02
Geomean 1.12E+07 1.77E+05 3.14E+04 3.26E+02
E(%) 98.41 82.33 99.82
11/7/01 11:00 a.m 
Geomean 
E(%)
2.10E+07 2.20E+05 4.30E+04 1.20E+02
9.90E+01 8.05E+01 9.99E+01
12/7/01 11:00 a.m 
12:00 a.m
Geomean
E(%)
1.95E+07
3.10E+07
2.46E+07
5.10E+05
3.80E+05
4.40E+05
98.21
2.15E+04
1.25E+04
1.64E+04
96.28
9.00E+02 
3.10E+02 
5.28E+02 
99.88
Coliform
20/09/01
20/09/01
20/09/01
Geomean
E(%)
Hour Raw Inlet lagoon North
10:45 2.75E+07 1.85E+05
11:30 3.00E+07 1.90E+05
12:00 m 2.00E+07 1.90E+05
2.55E+07 1.88E+05
99.26
Central lagoon 
3.10E+04 
3.95E+04 
1.15E+04 
2.41 E+04 
87.18
South lagon 
2.10E+04 
2.20E+04 
1.20E+04 
1.77E+04 
90.60
Appendix 5a. Sample from April to November 2001
26/09/01 10:00 3.25E+07 2.90E+05 . 1.00E+04 1.00E+04
26/09/01 11:00 3.90E+07 3.90E+05 2.15E+04 2.95E+04
26/09/01 11:30 3.15E+07 3.05E+05 2.00E+04 1.95E+04
26/09/01 12;30 3.80E+07 3.20E+05 2.20E+04 2.05E+04
Geomean 3.51 E+07 3.24E+05 1.75E+04 1.85E+04
E(%) 99.08 94.59 94.28
27/09/01 10:30 9.50E+06 6.15E+05 5.80E+04 3.05E+04
27/09/01 11:30 1.03E+07 8.00E+05 7.10E+04 4.00E+04
27/09/01 12:30 8.66E+06 5.35E+05 5.90E+04 2.25E+04
Geomean 9.46E+06 6.41 E+05 6.24E+04 3.02E+04
E(%) 93.23 90.26 95.29
2/10 11:00 9.70E+06 1.02 E+05 9.50E+03 1.00E+05 4.95E+04
2/10 12:00 1.10E+07 1.18E+05 9.50E+03 1.10E+05 7.00E+04
Geomean 1.03E+07 1.10E+05 9.50E+03 1.05E+05 5.89E+04
E(%) 98.94 91.34 4.40 46.34
4/10 11:00 1.26E+07 1.10E+05 1.10E+04 6.50E+04 1.75E+04
4/10 12;00 1.12E+07 8.20E+04 9.80E+03 3.45E+04 1.8QE+04
4/10 1:00 9.40E+06 7.40E+04 5.40E+03 2.85E+04 1.10E+04
Geomean 1.10E+07 8.74E+04 8.35E+03 4.00E+04 1.51E+04
E(%) 99.20 90.45 54.25 82.69
9/10 11:15 8.80E+06 7.95E+04 2.15E+04 3.00E+04 1.90E+04
Geomean
E(%) 99.10 72.96 62.26 76.10
11/10 11:25 2.10E+07 1.05E+05 2.85E+04 7.05E+04 1.80E+04
11/10 12:10 2.90E+07 1.08E+05 2.95E+04 7.90E+04 2.00E+04
Geomean 2.47E+07 1.06E+05 2.90E+04 7.46E+04 1.90E+04
E(%) 99.57 72.77 29.92 82.18
16/10/01 11:00 1.75E+07 1.63E+05 3.90E+04 1.22E+05 1.00E+04
16/10/01 12:00 2.50E+07 1.09E+05 2.20E+04 1.00E+05 8.50E+03
Geomean 2.09E+07 1.33E+05 2.93E+04 1.10E+05 9.22E+03
E(%) 99.36 78.02 17.13 93.08
18/10/01 11:00 9.20E+06 3.50E+05 4.10E+04 1.07E+05 1.85E+04
18/10/01 12:00 1.03E+07 2.30E+05 3.10E+04 9.50E+04 1.10E+04
18/10/01 1:00 7.80E+06 2.00E+05 2.30E+04 2.15E+05 1.00E+04
Geomean 9.04E+06 2.53E+05 3.08E+04 1.30E+05 1.27E+04
E(%) 97.21 87.80 48.61 94.98
23/10/01 10:30 1.49E+07 1.59E+05 7.20E+04 1.45E+05 2.20E+04
23/10/01 11:30 7.00E+06 9.60E+04 7.90E+04 8.45E+04 4.10E+04
Geomean 1.02E+07 1.24E+05 7.54E+04 1.11 E+05 3.00E+04
E(%) 9.88E+01 3.90E+01 1.04E+01 7.57E+01
31/10/01 11:30 8.50E+06 1.16E+05 1.25E+04 9.30E+04 1.00E+04
31/10/01 12:30 1.01 E+07 1.07E+05 1.15E+04 8.40E+04 9.50E+03
31/10/01 1:30 8.50E+06 1.95E+05 2.00E+04 9.00E+04 1.10E+04
Geomean 9.00E+06 1.34E+05 1.42E+04 8.89E+04 1.01E+04
E(%) 98,51 89.41 33.77 92.44
Appendix 5a. Sample from April to November 2001
1/11 11:30
1/11 12;30
Geomean
E(%)
2.10E+07 1.20E+05 2.05E+04 1.23E+05 9.50E+03
1.80E+07 1.06E+05 1.25E+04 9.30E+04 9.50E+03
1.94E+07 1.13E+05 1.60E+04 1.07E+05 9.50E+03
99.42 85.81 5.17 91.58
6/11
E(%)
12:00 8.00E+06 8.10E+04 
9.90E+01
1.05E+04
8.70E+01
4.80E+04
4.07E+01
1.00E+04
8.77E+01
15/11/2001 11:00 2.05E+07 1.12E+05 3.85E+04
15/11/01 12:00 1.03E+07 9.70E+04 3.20E+04
Geomean 1.45E+07 1.04E+05 3.51 E+04
E(%) 99.28 66.32
8.25E+04
6.60E+04
7.38E+04
29.20
Appendix 5b. Efficiency (%), temperature °C, flow rate (I/s) in the Central and South lagoon. 
Faecal coliform from April to Nobember2001(see Figure 36 -Chapter 6)
Date FC Central E (%) South E(%) T°C Central Q = (I/s) South Q = (I/s)
11-Apr 51.27 12.35 11.00 8.06 8.06
43.63 17.31 11.40 8.52 8.06
30.03 5.07 11.77 9.11 7.59
15-May 34.83 85.73 15.80 10.45 3.75
29.32 85.36 16.00 8.10 5.24
14-Jun 85.50 99.36 . 18.20 9.63 2.85
70.70 99.61 20.10 7.57 4.85
5-Jul 76.80 99.76 20.70 9.3 6.04
82.33 99.82 18.90 8.60 2.75
26-Sep 94.60 94.28 15.9 5.49 6.23
90.26 95.29 16.13 4.59 5.49
2-Oct 4.40 46.34 16.80 27.20 6.60
54.25 82.69 16.30 11.39 6.01
62.26 76.10 15.58 10!60 5.20
29.92 82.18 15.60 10.50 3.94
16-Oct 17.13 93.08 15.30 8.06 2.44
48.61 94.98 16.00 12.30 6.51
10.41 75.69 14.60 12.43 5.51
33.77 92.44 14.80 9.96 6.41
1-Nov 5.17 91.58 12.77 11.32 5.92
Appendix 5c. Efficiency (%), temperature °C, flow rate (I/s) in the North and South lagoon. 
Faecal coliform from April to November 2001 (see Figure 37 -Chapter 6)
Date FC North E (%) South E (%) T°C South Q = (I/s) North Q = (I/s)
11-Apr 68.36 12.35 11.00 8.06 8.06
73.73 17.31 11.40 8.06 7.75
73.97 5.07 11.77 7.59 7.59
15-May 94.00 85.73 15.80 3.75 2.85
65.41 85.36 16.00 5.24 2.85
14-Jun 99.36 18.20 2.85
99.61 20.10 4.85
5-Jul 99.76 20.70 6.04
99.82 18.90 2.75
26-Sep 94.28 15.9 6.23
95.29 16.13 5.49
2-Oct 91.34 46.34 16.80 6.60 0.35
90.45 82.69 16.30 6.01 0.81
72.96 76.10 15.58 5.20 6.04
72.77 82.18 15.60 3.94 4.01
16-Oct 78.02 93.08 15.30 2.44 2.85
87.80 94.98 16.00 6.51 6.04
38.96 75.69 14.60 5.51 5.86
89.41 92.44 14.80 6.41 14.02
1-Nov 85.81 91.58 12.77 5.92 6.60
Appendix 6. Flow rate from February to December 2001
Date Flow 0/s)- North Flow (I/s)- Central Flow (I/s)- South
15-02-01 8.06 11.2 13
15-02-01. 6.66 14.8 11.2
21-02 8.06 14.8 10.6
1/3/01 6.6 14.8 11.2
1/3/01 8.06 8.06 14.8
8/3/01 10.06 11.9 11.2
8/3/01 10.6 11.2 13
8/3/01 8.68 8.06 13
13-03-01 22.8 11.2 11.2
13-03-01 2.8 11.2 11.2
20-03-01 11.2 11.2 14.8
26-03-01 6.66 10.9 9.63
4/4/01 8.06 9.63 10.27
11/4/01 8,06 8.06 8.06
18-04-01 7.47 8.06 8.06
18-04-01 8.06 8.99 8.06
26-04-01 8.06 9.63 8.06
26-04-01 8.06 9.63 8.06
26-04-01 6.66 8.06 6.66
15-05-01 2.85 11.27 3.98
15-05-01 2.85 9.63 3.52
22-05-01 2.85 8.06 5.24
22-05-02 2.85 6.6 5.24
14-06-01 9.63 2.85
26-06-01 8.06 3.98
28-06-01 8.06 6.6
28-06-01 8.06 3.98
28-06-01 6.6 3.98
20-06 8.06 3.98
5/7/01 9.3 6.04
10/7/01 9.63 2.44
10/7/01 8.06 2.85
10/7/01 8.68 2.85
10/7/01 8.06 2.85
11/7/01
11/7/01
11/7/01
20-07-01 10.9 6.6
20-07-01 10.9 6.6
26-09-01 5.77 6.6
26-09-01 5.5 6.32
26-09-01 5.2 5.2 5.77
27-09-01 5.2 5.2 5.77
27-09-01 5.2 3.98 5.2
2/10/01 0.35 27.2 6.6
4/10/01 1 12.3 6
4/10/01 0.72 11.27 6.04
4/10/01 0.72 10.6 6.04
9/10/01 6.04 10.6 5.2
11/19/01 5.2 11.27 5.2
11/10/01 3.99 10.6 3.99
Appendix 6. Flow rate from February to December 2001
Date Flow (I/s)- North Flow (I/s)- Central Flow (I/s)- South
11/10/01 2.85 9.63 2.64
12/10/01 5.2 3.99 2.85
12/10/01 8.06 8.06 5.2
12/10/01 3.99 . 2.85 2.85
16-10-01 2.85 8.06 2.44
18/10/06 6.04 12.3 6.89
18-10-01 6.04 12.3 6.04
18-10-01 6.04 12.3 6.6
23-10-01 5.2 11.28 4.98
23-10-01 6.6 13 5.78
23-10-01 5.78 13 5.78
31-10-01 6.04 10.28 6.04
31-10-01 3.99 9.63 6.6
31-10-01 3.99 4.5 6.6
1/11/01 6.6 13 6.6
1/11/01 9.63 5.24
15-11-01 6.6 6.6
15-11-01 9.63 13
15-11-01 9.63 9.63
12/3/01 6.6 6.6
12/3/01 5.77 6.05
Appendix 7. Correlation between faecal coliform removal efficiency (%) and temperature(°C) 
Data from appendix 5b and 5c.
Central South North r ° c
Central
South
1
0.32522686 1
North 0.126790582 0.207283041 1
TdC 0.484552906 0.733141466 0.278203533 1
Appendix 8a. Physical and chemical data from March to November 2001
Place: Inlet lagoon
Date pH • Turbidity DO n h4 nh3 T°C Conducts
26/03/01 7.87 6 1.77 0.02 9.5 0.806
2/4/01 8 13
3/5/01 7.45 6 7 0.88 0.01 12.4 0.89
10/5/01 7.6 7 2.51 1.53 0.01 13.6 0.948
15/05/01 7.58 2.82 1.37 0.01 14.5 1.004
17/05/01 7.82 9.54 1.01 0.02 13.9 0.894
22/05/01 7.76 6.16 1.01 0.02 14.8 0.96
24/05/01 7.91 8 6.58 1.06 0.02 15.7 0.966
13/06/01 7.55 4 6.69 3.27 0.04 16.8 1.04
14/06/01 7.58 4 7.01 3.19 0.03 16.7 1.012
29/06/01 7.71 4 9.04 8.51 0.15 18.3 1.144
5/7/01 7.64 2 7.88 3.75 0.06 19.6 0.994
10/7/01 7.81 2 6.77 3.57 0.08 18.4 1
11/7/01 8 2 7.21 2.62 0.09 17.4 0.958
12/7/01 7.96 4 6.08 4.74 0.13 17.3 1.004
13/07/01 8.35 4 14.9 6.31 0.15 17.3 0.982
27/09/01 7.47 17.3 0.888
2/10/01 7.72 9 9.41 6.86 0.09 16.9 0.732
4/10/01 7.62 3 9.72 3.33 0.04 16.5 0.83
4/10/01 7.76 3 9.56 3.25 0.04 16.3 0.832
9/10/01 7.75 3 8.37 2.01 0.03 16 0.754
11/10/01 8.06 3 8.1 2.3 0.07 16.2 0.854
18/10/01 7.74 6 7.53 4.71 0.07 16.7 .0.8
18/10/02 7.77 6 7.65 5.05 0.08 16.6 0.782
23/10/01 7.79 . 4 7.45 3.48 0.06 16.3 0.708
31/10/01 7.4 1 12.58 5.31 0.04 15.5 0.912
31/10/02 7.61 2 10.41 6.58 0.07 15.2 0.934
6/11/01 7.79 2 7.06 4.34 0.06 14 0.956
15/11/01 7.7 2 6.37 5.5 0.07 11.4 0.966
Appendix 8b. Physical and chemical data from March to November 2001
Place: North lagoon
Date pH Turbidity DO n h 4 nh3 T°C Conductivity
26/03/01 7.73 1 2.24 0.02 8.8 0.822
2/4/01 8 12.5
4/4/01 7.46 1 6.69 1.18 0.301 9.4 0.83
3/5/01 7.34 1 5.902 1.7 0.01 11.7 0.902
10/5/01 7.53 2.48 2.17 0.02 14.3 0.967
15/05/01 7.5 3.55 2.48 0.02 16.4 0.97
17/05/01 7.61 8.93 1.59 0.02 14.2 0.904
22/05/01 7.53 7.28 1.57 0.02 16.2 0.99
24/05/01 .7.79 2 6.52 1.16 0.02 17.5 0.992
2/10/01 7.6 3 9.15 9.06 0.16 16 0.846
4/10/01 7.77 15.8 8.14 4.42 0.07 15.8 0.794
4/10/01. 8.17 15.9 9.4 4.44 0.13 15.9 0.798
9/10/01 8.83 3 9.64 2.14 0.08 14.8 0.73
11/10/01 7.94 1 9.18 2.89 0.06 15.6 0.84
16/10/01 7.91 1 6.35 4.55 0.08 15.2 0.914
18/10/01 7.97 1 6.87 4.94 0.1 15.9 0.892
18/10/02 7.96 4 6.98 5.52 0.12 16 0.892
23/10/01 7.81 2 6.42 5.35 0.08 15.3 0.86
31/10/01 7.42 1 12.72 6,67 0.05 14.5 0.9
31/10/02 7.87 0 10.19 5.72 0.09 14.7 0.898
6/11/01 7.63 0 7.55 6.59 0.05 12.4 0.976
15/11/01 7.38 1 6.45 7.71 0.04 10 0.974
Appendix 8c. Physical and chemical data from March to November 2001
Place: Central lagoon
Date pH Turbidity DO nh4 nh3 T°C Conductivity
26/03/01 7,85 4 2.44 0.03 8.9 0.788
2/4/01 8 12.5
4/4/01 7.61 1 6.83 0.88 0.01 9.5 0.814
1/5/01 7.33 2 6.64 1.29 0.01 12.2 0.914
10/5/01 7.54 2.48 2.17 0.02 14.3 0.967
15/05/01 7.26 3.2 1.84 0.01 15.5 1.034
17/05/01 7.7 9.27 1.52 0.02 14.2 0.898
22/05/01 7.59 6.65 1.28 0.02 15.9 0.98
24/05/01 7.6 4 6.78 1.11 0.02 17.5 0.994
13/06/01 7.53 0 6.58 4.13 0.05 18.8 1.04
14/06/01 7.5 12 6.32 4.47 0.04 17.5 1.03
29/06/01 7.52 0 8.32 6.11 0.08 20.2 1.068
5/7/01 7.55 9 6.54 3.95 0.05 20.1 1.04
10/7/01 7.65 2 5.84 4.53 0.07 18.5 0.992
11/7/01 7.84 2 6.84 3.39 0.08 17.8 0.968
12/7/01 7.76 0 5.98 3.51 0.07 18.1 1
13/07/01 7.89 1 3.02 3.38 0.08 17 0.996
27/09/01 7.64 7.33 0.07 17 0.99
2/10/01 7.45 4 8.11 3.05 0.04 16.9 0.824
4/10/01 7.66 1 8.93 3.11 0.05 16.7 0.834
4/10/01 7.76 2 8.95 2.01 0.04 16.9 0.834
9/10/01 7.87 1 8.53 3.06 0.06 16.1 0.746
11/10/01 7.81 3 8.26 3.81 0.05 15.9 0.856
16/10/01 7.64 2 8.3 4.78 0.08 15.8 0.872
18/10/01 7.74 2 7.26 5.24 0.08 16.5 0.888
18/10/02 7.7 2 8.22 4.72 0.07 16.9 0.876
23/10/01 7.73 2 7.17 5.35 0.05 15.9 0.786
31/10/01 7.41 8 13.4 4.39 0.06 14.8 0.898
31/10/02 7.68 7 12.11 5.91 0.05 15.3 0.898
6/11/01 7.55 0 7.61 13.5 0.96
Appendix 8d. Physical and chemical data from March to November 2001
Place: South lagoon
Date pH Turbidity DO nh 4 nh3 T°C Conductiv
26/03/01 7.91 1 2.62 0.03 8.9 0.81
2/4/01 8 12.5
4/4/01 7.59 2 6.1 0.87 0.01 9.7 0.836
3/5/01 7.44 1 5.27 1.84 0.01 11.8 0.878
10/5/01 7.58 1 .2.23 2.27 0.02 14.7 0.952
15/01/01 7.42 2.7 2.11 0.02 16.1 0.956
17/05/01 7.67 8.85 2.12 0.03 14.6 0.914
22/05/01 7.54 6.33 1.57 0.02 16.3 0.99
24/05/01 7.63 2 6.66 1.19 0.03 17.6 0.986
13/06/01 7.48 1 6.64 4.48 0.05 18.4 1.06
14/06/01 7.5 1 6.51 4.35 0.05 19 1.036
29/06/01 7.56 0 7.83 4.52 0.06 20.01 0.998
5/7/01 7.55 2 6.62 3.6 0.06 21.4 1
10/7/01 7.59 1 6.01 3.61 0.05 19.3 0.984
11/7/01 7.91 1 6.95 3.37 0.08 17.8 0.968
12/7/01 7.86 0 6.37 3.11 0.08 18.2 0.964
13/07/01 7.89 0 14.6 2.81 0.08 18 0.988
29/09/01 7.46 16.5 0.99
2/10/01 7.64 3 7.5 9.68 0.9 16.8 0.784
4/10/01 7.54 1 7.73 4 0.04 15.9 0.79
4/10/01 8.52 1 8.52 4.05 0.05 16 0.794
9/10/01 7.79 0 7.9 2.41 0.04 14.6 0.716
11/10/01 7.73 0 8.36 2.65 0.04 15.7 0.842
16/10/01 7.58 1 7.22 4.2 0.05 15.4 0.888
16/10/01 7.69 0 7.22 4.53 0.06 15.9 0.89
18/10/02 7.66 2 7.1 4.83 0.06 16.1 0.89
23/10/01 7.68 1 7.65 5.12 0.06 15.1 0.863
31/10/01 7.42 0 13.71 6.03 0.04 14.4 0.894
31/10/02 7.61 0 10.83 5.25 0.05 14.3 0.892
6/11/0.1 7.52 0 8.5 6.15 0.04 12.44 0.966
15/11/01 7.37 0 9.75 8.91 0.04 9.4 0.984
Appendix 9. Suspended Solids, Nitrate as N and BOD provided by Southern Water.
Average
Average
Average
Average
Suspended Solids
Date Inlet North lagoon Central lagoon South lagoon
4/24/01 18.2 12.1 13.2 6.5
5/1/01 17.5 7.5 10.0 4.0
5/8/01 14.5 8.0 11.5 6.5
5/15/01 • 17.0 1.5 13.5 1.0
5/22/01 23.0 10.5 17.5 8.0
5/29/01 15.8 8.2 10.0 7.1
6/12/01 16.9 12.0 7.0
6/19/01 15.6 11.4 5.3
6/26/01 18.0 7.5 4.5
7/5/01 10.5 7.0 4.5
7/12/01 13.5 7.0 5.5
16.4 8.0 11.0 5.4
Nitrate as N
Date Inlet North lagoon Central lagoon South lagoon
5/1/01 24.5 23.0 23.5 23.5
5/29/01 28.0 28.0 . 28.0
6/19/01 23.7 22.9 22.8
25.4 23.0 24.8 24.8
mmonia as N
Date Inlet North lagoon Central lagoon South lagoon
5/1/01 1.5 0.56 0.6 0.4
5/29/01 2.5 0.5 0.4
6/19/01 3.6 0.8 0.3
2.5 0.56 0.6 0.4
BOD
Date Inlet North lagoon Central lagoon South lagoon
5/1/01 5.6 3.5 3.8 3.6
5/29/01 8.2 7 5.8
6/19/01 4 3.5 2.9
5.9 3.5 4.8 4.1
Appendix 10a. Physico-chemical parameters from the effluent of the plant (data provided by Southern Water) 
Lidsey Final Results from 1/4/98 (Post Lagoon)
Temp. BOD SS NH3 as N Turbid pH N02 as
oC mg/l mg/l mg/l FTU mg/l
4/9/98 13:00 13.3 6.1 3.5 0.9 6.44
4/17/98 9:35 <4 9.8 2 7.6 0.31
4/23/98 11:30 13,8 4.5 9 1.3 6.43
4/28/98 . 9:17 4.9 6.7 1.17 7.7 0.28
5/13/98 12:30 19.7 . 5.4 14 1.2 5.24
5/19/98 9:35 <4 6.7 1.66 7.6 0.35
5/21/98 13:00 18.6 5.7 19 1.7 9.75
5/29/98 16:00 18 3.3 4.6 2.08 7.65 0.37
6/5/98 8:55 16 4.6 7.4 1.81 7.65 0.35
6/9/98 12:00 16.9 3.8 8.5 2 4.46
6/10/98 9:25 15.5 <4 5.5 2.93 7.75 0.44
6/24/98 9:00 18.6 3.6 5 2.2 2.71
7/6/98 11:00 18.6 3 8.5 1.6 2.48
7/13/98 15:35 18 <3 6 3.11 7.85 . 0.5
7/21/98 9:35 19 <3 6.4 2.19 7.65 0.34
7/27/98 10:30 18.6 4 5 0.94 2.3
8/6/98 10:05 19.2 2.6 14 1.7 2.72
8/13/98 16:30 20 <3 4.5 1.4 7.8 0.22
8/14/98 16:30 20 <3 3.4 1.57 7.75 0.22
8/24/98 9:30 17.7 1.8 1 2 2.13
9/7/98 10:45 18.8 2.4 6 2.3 2.18
9/9/98 9:01 18 <3 3.2 2.9 7.75 0.37
9/23/98 13:15 17.6 4.1 5.5 1.7 2.52
9/23/98 14:35 18.5 <3 <3 1.76 7.85 0.32
10/16/98 14:20 15 <3 3.3 1.57 7.7 0.31
10/19/98 13:30 13.8 4.5 6 1.8 2.68
10/20/98 11:50 14.5 <3 <3 1.86 7.65 0.39
11/2/98 10:00 12 <3 3.5 <0.5 7.7 0.25
11/3/98 16:15 11 <3 3.6 <0.5 7.9 0.18
11/4/98 13:00 11 <3 4 <0.5 7.9 0.16
11/5/98 11:45 11.1 4.5 4.5 0.85 3.73
11/9/98 15:40 14 4 5 1.17 7.85 0.35
11/10/98 8:00 12
11/19/98 12:15 12.4 3.6 5 1.7 4.87
12/4/98 15:00 10 5 5 3.68 7.7 0.4
12/7/98 14:00 7.7 11 6 3.8 4.49
12/15/98 15:50 12 <3 7.5 0.98 7.85 0.26
12/18/98 11:15 10.4 3.3 8.5 0.45 4.43
1/13/99 17:55 7 7.8 9.9 1.65 7.85 0.24
1/14/99 10:15 9.3 2.8 6.5 1.3 6.5
1/25/99 10:25 9 5.5 8.2 1.21 7.7 0.28
1/26/99 9:45 9.8 5.6 7 1.3 7.1
2/9/99 11:00 6.7 5.6 10 2.7 5.9
2/15/99 14:25 9.5 4.9 5.2 3.41 7.7 0.32
2/18/99 14:35 10 8.8 13.5 8.17 7.8 0.28
2/22/99 13:45 9.2 8.1 16 3.4 11.3
3/9/99 12:05 9.9 7,8 9 2.8 9.4
3/16/99 15:10 9.5 6.1 9.2 2.7 7.55 0.3
3/23/99 11:55 11 7.8 9.9 3.42 7.75 0.32
3/23/99 12:15 12.4 13 8.5 3 8.4
Appendix 10a. Physico-chemical parameters from the effluent of the plant (data provided by Southern Water)
3/28/99 14:20 9.2 12 21 7.9 0.14
3/28/99 14:50 9.8 15 20 7.9
4/14/99 12:15 9.4 11 9.5 2.6 9.2
4/28/99 12:00 15.5 9.6 24 1.7 9.4
5/7/99 11:45 15.6 4.1 7.5 1.3 4.6 -
5/12/99 1:50 16.5 5.7 10.9 1.28 7.85 0.31
5/20/99 12:47 14.5 5.3 7.4 1.41 7.7 0.35
5/26/99 14:55 17 3.8 6.4 . 0.66 7.7 0.23
6/1/99 11:40 18.1 7.9 12 1 6.2
6/7/99 11:50 17.9 3.1 5.5 0.99 3.6
6/16/99 12:06 13 11 23
6/18/99 11:50 19.4 3.5 3 5.1 3.4
7/8/99 12:10 20.3 5.2 5 1.2 3,6
7/21/99 12:15 19.5 4.2 7.5 1.9 7.4
7/26/99 17:25 22 <4 8.7 1.41 7.85 0.3
7/30/99 14:40 22 3.65 4.4 2.96 7.7 0.37
8/20/99 12:10 18.4 3.3 5.5 2.9 5.4
9/8/99 12:10 19.8 2.6 6 2.1 3.5
9/23/99 12:00 17.4 <1.5 6 1.6 3.6
9/23/99 18:42 19 3.64 <3 2.24 7.7 0.29
9/29/99 12:05 16.5 3.2 9.5 1.6 3.8
10/11/99 18:22 15 <3 <3 2.7 7.75 0.38
10/19/99 18:35 12.5 4.88 7.9 5.15 7.85 0.39
10/20/99 12:05 10 6 8 4.4 5.3
10/21/99 16:21 13 5.63 4.5 4.84 7.85 0.41
10/25/99 12:00 13.9 7.8 8.5 12 8.6
11/3/99 13:40 14.5 <4 6.1 5.36 7.8 0.55
11/4/99 13:27 13.5 5.16
11/8/99 12:05 11.1 4 <1 6 4.5
11/10/99 14:34 12 3.78 3.7 5.47 7.65 0.54
11/11/99 14:34 11.5 3.84 4.8 3.53 7.8 0.52
11/16/99 16:50 9 5.64 4.4 3.86 7.7 0.5
11/17/99 11:25 9 3.73 3.5 4.61 7.7 0.47
11/24/99 12:15 10.5 3.1 4.5 3.9 4.3
11/26/99 13:10 11 3.72 5.1 2.88 7.75 0.48
12/3/99 11:55 10.4 4.4 8 2.3 8.2
12/6/99 11:00 9.1 3.8 5.5 3.5 6.5
1/12/00 12:05 8.8 5 12 2.5 7.6
1/20/00 15:15 5.5 5.91 5.4 3.1 7.65 0.31
1/24/00 12:30 7 4.2 8.5 4.7 7.1
2/7/00 11:55 9.1 8.5 10 9.4 8.2
2/21/00 12:00 8.6 5.5 7 4.8 4.9
3/9/00 12:05 11.4 4.2 8.5 5.1 5.7
3/16/00 10:36 10 4.6 6.9 3.86 7.65 0.3
3/20/00 13:05 14.5 4.7 6.4 2.78 7.5 0.28
3/27/00 12:00 9.5 3.3 7 3.8 6.7
4/10/00 12:20 11.5 4.4 10 2.1 4.6
4/12/00 10:44 10 6.2 8.7 3.93 7.75 0.34
4/26/00 12:00 12 5.6 8 1.4 8.1
4/27/00 14:47 15.1 5.2 6.4 1.1 7.45 0.22
5/5/00 12:10 14 3.7 8.5 1.5 8.3
Appendix 10b. Physico-chemical parameters from the effluent of the plant (data provided by Southern Water)
Lidsey Final Results from 1/4/98 (Post Lagoon)
N03 as N o-P04 as P Cl Cond
mg/I mg/l mg/l usie/cm
13 5.47 73 867
12.1 5.23 81 872
11.4 7.86 87 957
9.03 7.2 87 911
9.35 6.83 90 901
8.16 6.54 82 862
5.5 7.18 74 799
7.46 8.53 96 944
6.38 9.39 110 984
6.18 9.01 110 984
Cr Cu Pb Ni Zn
ug/1 mg/l ug/1 ug/l ug/l
4 17 0.9 6 86
7 20 1.2 <5 89
6 24 5.7 10 76
4 9.2 0.6 24 37
8 9.9 0.4 20 57
7.93 8.13 91
8.58 8.57 104
9.99 8.8 97
10.2 8.24 96
10.4 4.67 67
12.1 4.03 . 76
132  4.03 75
10.4 5.17 76
9.6 6.33 78
10.8 4.97 73
9.16 3.47 70
10.2 3.67 67
10.5 6.05 79
8.02 6 84
10.4 7.25 80
11.2 7.19 87
875
968 1.2 11.5
938
915 1.7 10.7
722
763 7.6 9.3
790
805 4.2 11.7
887 3.5 15.9
796
752 <0.5 14.2
800
877
914 10.8 21.1
921
914 12.5 19.4
0.3 11.5 60.8
0.4 10.2 73.7
<2 10 57.1
0.6 15.1 51.8
0.6 8.8 97
1.1 5.9 76.7
0.8 24.3 108.9
0.9 11.5 83.8
Appendix 10b. Physico-chemical parameters from the effluent of the plant (data provided by Southern Water)
3.2 85 1000
86 1000 <20 70 <90 40. 140
13.1 6.86 86 916
16.3 7.82 87 909
14.2 7.98 97 937 11 15.6 0.6 13.7 68.7
9.9 8.59 88 900
7.95 9.15 103 960 5.4 11.6 0.5 12.9 59.8
6.01 7.48 85 811 .
7.42 8.68 86 880
6.91 8.79 95 932 11.3 12.9 0.6 8.3 65.5
7.29 8.16 98 906
6.05 7.75 85 883
900
6.96 8 88 892 13.5 10.3 0.5 7.2 83.1
9.68 7.72 92 885 9.3 13.7 0.5 7.1 84.5
10.3 8.04 83 869 3.3 10.5 0.4 6.6 78.8
9.53 8.37 98 921
8.72 8.53 94 873 10.6 10.5 0.5 7.6 79.7
10.4 5.83 80 . 869 10.9 13.8 0.6 6.9 107
10.9 7.22 94 920 8.9 16 1 10.6 94.5
13 7.51 86 903
11.8 6.56 79 834
10.4 5.55 69 806
Appendix 11. Raw data from March to July 2002.
Faecal coliform (cfu/100 ml)
Date Flow (I/s) N. lagoon Flow (I/s). S.Iagoon T°C Raw Inlet North South
12-Mar 6.18 6.32 11.2 9.50E+06 1.03E+05 4.50E+04 3.20E+04
11.2 9.2QE+06 9.00E+04 4.45E+04 3.14E+04
11.2 8.80E+06 7.30E+04 4.00E+04 2.90E+04
19-Mar 6.6 8.06 10.5 4.10E+07 4.00E+04 2.90E+04 1.00E+04
10.5 5.05E+06 3.90E+04 2.65E+04 1.10E+04
10.5 3.75E+06 3.60E+04 . 3.90E+04 1.00E+04
26-Mar 6.6 7.17 12.0 4.90E+06 9.20E+04 7.00E+04 1.65E+04
12.0 8.60E+06 8.60E+04 7.00E+04 1.10E+04
12.0 8.26E+05 7.90E+03 5.90E+04 9.50E+03
11-Apr 3.98 6.32 10.5 1.02E+07 2.25E+04 5.95E+04 9.00E+02
10.5 1.05E+07 2.30E+05 6.00E+04 1.00E+03
10.5 2.25E+07 1.85E+05 4.20E+04 1.00E+03
17-Apr 4.59 5.9 • 12.9 7.90E+06 5.05E+04 7.00E+03 8.50E+02
12.9 8.80E+06 5.35E+04 9.00E+03 8.85E+02
23-Apr 16.0 7.90E+06 4.00E+04 1.30E+03 3.40E+02
3.4 4.3 16.0 7.90E+06 4.70E+04 2;i0E+03 4.30E+02
16.3 1.10E+07 9.30E+04 4.45E+03 7.60E+02
16.3 1.00E+07 1.02E+05 5.15E+03 7.40E+02
25-Apr 11.27 13.6 15.0 8.00E+06 4.00E+04 1.00E+04 1.00E+03
15.0 8.60E+06 5.45E+04 8.50E+03 1.00E+03
15.0 9.70E+06 7.30E+03 4.00E+03 1.00E+03
2-May 4.33 4.66 13.3 9.30E+06 7.30E+04 5.00E+04 6.90E+03
13.3 1.70E+07 6.60E+04 3.85E+04 6.30E+03
* 13.3 6.90E+06 6.70E+04 3.13E+04 7.00E+03
7-May 1.02E+07 . 6.50E+04 3.10E+04 6.60E+03
8.50E+06 4.90E+04 3.75E+04 4.85E+03
8.50E+06 7.20E+04 3.10E+03 2.95E+03
9-May 2.85 8.07 14.2 1.29 E+07 7.40E+04 4.40E+04 1.20E+04
14.2 7.60E+06 6.86E+04 7.00E+04 3.15E+Q4
23-May 13.9 11.28 15.0 8.20E+06 6.60E+04 9.26E+02 3.40E+03
15.0 9.16E+06 7.10E+04 8.70E+03 2.90E+03
28-May 10.44 10.44 14.8 9.00E+06 7.16E+04 4.60E+04 8.00E+03
14.8 1.00E+07 7.30E+04 2.50E+04 4.35E+03
14.8 8.20E+06 7.76E+04 2.30E+04 7.70E+02
12-Jun 13.01 16.33 16.4 6.85E+06 9.26E+04 3.30E+04 1.69E+04
16.4 7.96E+06 1.07E+05 5.05E+04 2.85E+04
16.4 1.02E+07 1.10E+05 4.40E+04 2.90E+04
18-Jun 9.42 11.05 18.0 1.08E+07 2.10E+04 9.33E+03 1.10E+03
18.0 8.46E+06 2.75E+04 7.66E+03 1.15E+03
18.0 1.06E+07 4.05E+04 5.50E+03 1.10E+03
25-Jun 6.6 9.09 17.8 1.83E+07 1.10E+05 9.46E+03 3.75E+03
17.8 9.66E+06 8.73E+04 8.46E+03 3.05E+03
17.8 1.77E+07 9.60E+04 9.96E+03 3.00E+03
3-Jul 16.72 17.68 16.1 8.85E+07 3.35E+05 1.49E+05 1.06E+04
16.1 8.63E+06 4.95E+05 1.71 E+05 1.52E+05
16.1 9.76E+06 1.18E+05 1.24E+05 9.05E+04
9-JuI 16.72 18.68 17.1 9.60E+06 3.90E+05 7.40E+04 7.80E+04
17.1 1.48E+07 . 1.35E+05 6.85E+04 8.05E+04
17.1 1.02E+05 4.30E+04 5.30E+04
16-Jul 13 11.27 19.0 1.03E+07 1.85E+05 1.14E+04 1.28E+04
19.0 6.50E+06 8.10E+04 2.05E+04 9.30E+03
Appendix 11. Raw data from March to July 2002.
Faecal coliform (cfu/100 ml)
Date Flow (l/s) N. lagoon Flow (I/s). S.lagoon T°C Raw Inlet North South
19.0 9.50E+06 9.70E+04 1.03E+04 1.05E+04
22-JuI 14.2 10.6 17.6 1.06E+07 6.40E+04 8.20E+03 8.00E+03
17.6 9.50E+06 7.80E+04 1.00E+04 9.60E+03
17.6 8.90E+06 8.70E+04 7.40E+03 5.95E+03
Appendix 12. Raw data from March to July 2002.
Faecal streptococci (cfu/100 ml)
Date Flow (I/s) N. Lagoon Flow (I/s). S.Lagoon T°C Raw Inlet North South
19/03/02 6.6 8.06 10.5 4.40E+05 5.55E+03 3.00E+03 9.50E+02
19/03/02 10.5 7.60E+05 6.00E+03 4.00E+03 1.10E+03
19/03/02 10.5 4.10E+05 4.00E+03 3.15E+03 1.1SE+03
26/03/02 6.6 7.17 12 8.20E+05 8.60E+03 4.80E+03 2.05E+03
26/03/02 12 7.30E+05 8.20E+03 3.95E+03 1.20E+03
26/03/02 12 1.95E+05 7.30E+03 4.00E+03 1.00E+03
11/4/02 3.98 6.32 10.5 3.85E+05 6.90E+03 3.80E+03
11/4/02 10.5 6.89E+05 1.00E+04 3.90E+03
11/4/02 10.5 9.30E+05 9.20E+03 3.85E+03 1.00E+02
17/04/02 4.59 5.9 12.85 8.70E+05 8.90E+03 6.00E+03 8.50E+01
17/04/02 12.85 6.70E+05 2.00E+04 1.35E+03 9.50E+01
23/04/02 16.00 2.05E+06 9.00E+03 3.00E+02 8.00E+01
23/04/02 3.4 4.3 16 3.70E+06 1.09E+04 1.30E+02 1.00E+01
23/04/02 16.3 4.25E+06 8.80E+05 3.20E+02 3.20E+02
23/04/02 16.3 6.30E+05 9.60E+03 4.05E+02 7.50E+01
25/04/02 11.27 13.6 15 7.60E+05 6.60E+03 8.00E+02 5.00E+02
25/04/02 15 8.30E+05 7.60E+03 9.50E+02 5.00E+02
25/04/02 15 8.40E+04 7.70E+03 9.50E+02 6.00E+02
2/5/02 4.33 4.66 13.25 9.20E+05 7.30E+03 4.60E+03 5.25E+02
2/5/02 13.25 8.36E+05 1.85E+04 4.80E+03 3.25E+02
2/5/02 13.25 8.10E+05 1.85E+04 4.80E+03 3.25E+02
7/5/92 2.98E+06 1.14E+04 5.9QE+03 8.60E+02
7/5/92 1.01E+06 1.29E+04 4.10E+03 3.80E+02
7/5/92 6.85E+03 3.28E+03 5.65E+02
9/5/02 2.85 8.07 14.2 9.80E+05 . 9.06E+03 7.40E+03 3.10E+03
9/5/02 14.2 1.90E+06 1.00E+04 9.00E+03 4.00E+03
14-05-02 13 15.76 14.6 2.00E+05 3J25E+03 9.00E+03 5.10E+03
14-05-02 14.6 1.85E+05 3.25E+03 1.04E+04 2.70E+03
14-05-02 14.6 6.90E+05 4.75E+03 8.30E+03 2.70E+03
23-05-02 13.9 11.28 15 9.66E+05 4.20E+03 1.06E+04 3.00E+02
23-05-02 15 7.90E+05 3.15E+03 7.50E+02 2.25E+02
28-05-02 10.44 10.44 14.75 6.50E+05 1.20E+04 4.90E+03 1.00E+03
28-05-02 14.75 6.00E+05 1.03E+04 4.30E+03 8.50E+02
28-05-02 14.75 6.30E+05 8.70E+03 4.30E+03 1.02E+03
12/6/02 13.01 16.33 16.4 2.00E+05 9.16E+03 2.55E+03 1.56E+03
12/6/02 16.4 1.25E+05 7.53E+03 2.80E+03 1.74E+03
12/6/02 16.4 2.00E+05 1.15E+04 220E+03 1.40E+03
25-06-02 6.6 9.09 17.8 8.60E+05 8.30E+03 9.00E+03 2.25E+02
25-06-02 17.8 1.16E+06 8.96E+03 8.00E+03 1.4OE+02
25-06-02 17.8 9.06E+05 9.23E+03 5.00E+02 2.00E+02
3/7/02 16.72 17.68 16.05 1.20E+06 1.05E+04 1.14E+04 1.00E+04
3/7/02 16.05 6.93E+06 1.18E+05 1.08E+04 1.20E+04
3/7/02 16.05 8.40E+05 1.02E+05 9.50E+03 1.10E+04
9/7/02 16.72 18.68 17.1 3.00E+05 8.45E+03 6.55E+03 5.00E+03
9/7/02 17.1 2.60E+05 8.45E+04 7.35E+03 8.20E+03
9/7/02 17.1 1.02E+04 3.40E+03 7.40E+03
16-07-02 13 11.27 19 2.95E+05 1.60E+04 9.50E+02 8.00E+02
16-07-02 19 2.05E+05 8.50E+03 1.20E+03 1.15E+03
16-07-02 19 1.75E+05 3.00E+03 5.00E+02 3.00E+02
22/07/02 14.2 10.6 17.6
Appendix 13a. Physicochemical data from March to July 2002.
Place: Inlet lagoon.
AVERAGE
AVERAGE
pH DO Turbidity nh4 %saft Conductivity T°C
12/3/02 7.76 8.81 4 6.47 0.5 0.91 11.6
19/03/02 7.68 7.97 3 0.97 0.4 0.746 10.9
26/03/02 7.78 8.09 4 2.42 0.4 0.87 12
17/04/02 8.41 8.45 4 4.21 0.5 0.958 12.6
23/04/02 8.12 5 1.96 0.5 0.978 14
25/04/01
2/5/02 7.54 8.63 3 1.67 0.5 0.978
15.3
13.3
9/5/02 7.88 8.24 6 2.74 0.5 1.012 14.2
23/05/02 8.08 7.21 3 221 0.4 0.808 14.9
28/05/02 7.83 9.73 3 3.29 0.4 0.882 14.7
12/6/02 7.97 3.54 4 3.49 0.5 0.834 15.8
18/06/02 7.48 5.92 3 3.47 0.5 0.96 17.8
26/06/02 8.1 8.65 3 0.44 0.5 0.986 17.3
3/7/02 8.6 4.81 7 2.7 0.3 0.692 16.2
9/7/02 7.59 7.15 5 0.62 0.3 0.658 17
16/07/02 8.19 7.91 4 1.39 0.5 0.992 18.3
22/07/02 8.63 10.4 3 0.92 0.5 1.044 17.8
30/07/02 8.94 0.85 0.5 1.032 20.1
8.03 7.70 4.00 2.34 0.45 0.90 15.21
s: North lagoon
PH DO Turbidity nh 4 % salt Conductivity T°C
12/3/02 7.79 8.56 1 9.4 0.5 0.96 11.3
19/03/02 8.09 8.25 1 1.72 0.4 0.752 10.9
26/03/02 8.02 9.12 1 3.73 0.4 0.896 12
17/04/02 8.12 7.09 1 7.31 0.5 0.982 12.8
23/04/02 8.08 3 3.6 0.5 0.994 14.5
25/04/01
2/5/02 7.62 8.11 1 1.11 0.5 0.956
15.5
13.2
9/5/02 7.2 7.47 1 1.02 0.5 1.01 14.5
23/05/02 8.08 6.49 1 0.3 0.4 0.798 15
28/05/02 7.84 9.48 3 0.44 0.5 0.914 14.8
12/6/02 7.95 2.83 1 0.72 0.4 0.906 16.4
18/06/02 7.65 1 3.77 0.5 0.996 18.1
26/06/02 8.22 8.15 1 0.5 0.99 18
3/7/02 8.56 4.66 1 2.23 0.5 0.936 16
9/7/02 7.64 6.39 4 1.68 0.4 0.858 17.1
16/07/02 8.31 6.78 3 1.54 0.5 1.014 19
22/07/02 8.92 6.61 1 1.19 0.5 1.044 17.8
30/07/02 8.96 1 1.35 0.5 1.05 20.7
8.06 7.14 1.63 2.57 0.47 0.94 15.42
AVERAGE
Appendix 13a. Physicochemical data from March to July 2002.
Place: South lagoon.
Date pH DO Turbidity n h 4 %salt Conductivity T°C
12/3/02 7.82 7.4 1 10.05 0.5 0.922 11
18903/02 8.15 7.31 1 1.51 0.4 0.704 10.5
26/03/02 8.02 7.48 1 4.51 0.4 0.904 12
17/04/02 8.15 6.45 1 8.09 0.5 0.962 12.9
23/04/02
25/04/01
8.02 1 3.66 0.5 1002 15.1
15.5
2/5/02 7.6 7.9 1 1.51 0.5 0.956 12.19
9/5/02 7.81 7.88 1 1.3 0.5 0.992 ■ 14.2
23/05/02 8.08 5.83 1 0.3 0.4 0.81 15
28/05/02 7.76 9.87 1 0.73 0.5 0.922 14.7
12/6/02 7.89 1.88 1 0.4 0.884 16.4
18/06/02 7.64 1 3.16 0.5 1.004 17.9
26/06/02 8.17 8.41 1 0.5 0.994 17.6
3/7/02 8.54 4.66 2.64 0.5 0.906 16.1
9/7/02 7.62 6.68 1 2.27 0.4 0.892 17.1
16/07/02 8.21 5.37 1 2.09 0.5 1.02 19.1
22/07/02 8.72 8.29 1 1.61 0.5 1.062 17.8
30/07/02 8.92 1 1.55 0.5 1.05 20.7
8.07 6.82 1.06 3.00 0.47 59.82 15.32
Appendix 13b. Suspended solids from May to July 2002.
Inlet North South
7/5/02 3.2 0.9 1.5
9-5-02 4.6 2.1 ' 2.9
14-05-02 18.4 17.2 18.4
23-05-02 15.6 13.7 6.8
28-05-02 16 2.8 6
12/6/02 15.2 5.2 2.2
18-06-02 21.2 7.6 7.6
25-06-02 5.6 2.8 2
16-07-02 12 2.4
AVERAGE 12.42 6.54 5.53
H  • Q u < ~ - d a L ' G
Appendix 14. 
Calibration of the Fluorimeter
The M m i^ 3 I IR  Fluorimeter was supplied by Chelsea Instrument They usually sell the 
equipment with the Calibration Curve Certificate, which was developed for distilled 
water.
On 01-07-2002, the linearity of the calibration curve was determined, for both clean and 
waste water. Rhodamine WT solutions were prepared for both cases, ranging from 0.5 to 
100 pg/1, using the following methodology.
1. An initial solution o f20,000,000 pg/l was prepared.
Initial concentration = 20,000,000 ug/l
1 ml
1 ml/liter 3 ml
5 ml 4 ml
C-100ugH^ C^SO ug/lC= 20.\ C= 20 ug/lC= 60 ug/l 0= 40  ug/l
0.5 0.25 ml
C= 10 ug/l C = lug/1
Figure 14.1 Preparing the Rhodamine WT solutions to determine the 
linearity of the calibration curve.
2. One ml of the initial solution was then taken and diluted in 1 liter of water, which 
produced a new solution of 20,000 pg/1. Further dilutions were later made, as 
indicated in Figure 14.1. A beaker of clean water was also prepared for use as 
colour control.
3. After the solutions were prepared, the colour concentration in each beaker was 
determined, starting with the one with clean water. . The Rhodamine WT records 
were then run through, from die most diluted (0.5 pg/1) to the most concentrated 
(pg/1). Rhodamine WT concentration was:
Concentration of Rhodamine WT = Total colour minus colour of water
The expected Rhodamine WT concentration was then plotted against the measured 
concentration (see Figure 14.2)
This same experiment was run on 16/08/2002, with water from one of the lagoons in 
the Lidsey sewage treatment plant using the procedure described above.
In July 2003, Engineer Aldana, together with Professor Barry Lloyd, again preceded 
to determine the linearity of the calibration curve, using clean water for the 
experiment.
The three curves showed linearity. However, a difference was observed between the 
expected and measured Rhodamine WT concentration, which is attributed to the 
equipment. The technical problem with the equipment was reported to the 
manufacturer. It is expected that they will manufacture an improved version of said 
equipment.
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CERTIFICATE OF CALIBRATION
Date of issue lO^May 2G00
Description Minitracka II (Rhodamine_WT)
Serial Number 175097
REPORT
Readings have been taken from the Fluorimeter for a lOOpg per litre concentration of 
Rhodamine_WT dissolved in pure water, and for pure water. The following formula is 
derived from these readings and relates instrument output to Rhodamine_WT in water 
concentration.
Cone. = (Vsample-0.075) x 28.153 
Where:- ^  {
Cone. = Rhodamine_WT concentration in pg per litre 1
Vsample = Minitracka output in volts when exposed to Rhodamine_WT 
sample in water
The above formula can be used in the range 0 - lOOpg of Rhodamine_WT- per litre of 
water to an uncertainty of 0.1 pg per. litre plus 3% of value.
Important note:
The above formula has been derived using Rhodamine_WT dissolved in pure 
water. No guarantee is given as to the performance of the instrument to 
Rh6damine_WT in sea water.
. The zero offset has been determined in the laboratory using purified water from a 
reverse osmosis/ion exchange column. It is possible that purer water may be 
found in clean deep ocean conditions. Under these conditions, the offset shown 
in the above formula should be replaced by the Minitracka output in the purest 
water found, multiplied by the scale factor. .
Page 1 o f 2
Chelsea Instruments Quality Assurance
1. LED Alignment. Pass / Farit"
2. Ambient Light Rejection. Pass / Fail
‘zero* voltage = c>
3. Supply Voltage Effects. Pass/Fair
‘zero’ voltage @ 9 V supply = -i<4(b_____
‘zero’ voltage @ 40 V supply = S  •
4. Preliminary Calibration.
Calibration performed with R15 =68 kiQ and R35 = 4k3 .
DVM Reading
Pure Water
(Z)
100 pg /1 Rhodamine_WT
(R) •. T> •
5. Second Calibration. (Complete only if R15 and/or R35 have been changed)
Calibration performed with R15 = _____________ _
R35 =
DVM Reading
Pure Water
(Z)
100 pg / 1 RhodamineJWT
(R)
6. Calibration Constants for “Concentration [pg/I] =M.V + C” (Rliodamine_WT in water)
M = 100/(R-Z)
C = -100Z / (R-Z) = ________.
7. Pressure Test. Pass /EftH
Minitracka Fluorimeter 
Test Procedure TD7099-02
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appendix 16a. Regression between FC removal efficiency and physicochemical parameter in the pilot experiment in Godalming
light condition)
Descriptive Statistics
Mean Std. Deviation N
FC 85.5355 11.26627 8
Retention
Time 16.7500 10.33900 8
SS 2.6288 1.27584 8
CHL 3.1462 1.54388 8
TEMPERAT 19.4625 1.70708 8
PH 7.4150 .52625 8
DO 9.8062 2.38333 8
AMONiUM .7463 .14050 8
LIGHT 314.3750 201.89314 8
Correlations
FC
Retention
Time SS CHL TEMPERAT
Pearson Correlation FC
Retention
1.000 .905 -.114 .149 .638
time .905 1.000 -.234 -.003 .572
SS -.114 -.234 1.000 .348 .354
CHL .149 -.003 .348 1.000 -.215
TEMPERAT .638 .572 .354 -.215 1.000
PH .029 -.300 .309 .052 .366
DO .063 -.016 -.413 -.243 .099
AMONIUM .463 .417 .123 .058 .290
LIGHT .784 .750 .209 .102 .883
Sig. (1-tailed) FC
Retention
.001
.001 .394 .362 .045
time • .289 .497 .069
SS .394 .289 .199 .195
CHL .362 .497 .199 .305
TEMPERAT .045 .069 .195 .305
PH .473 .235 .228 .451 .186
DO .441 .485 .155 .281 .408
AMONIUM .124 .152 .385 .446 .243
LIGHT .011 .016 .310 .405 .002
N FC
Retention
8 8 8 8 8
time 8 8 8 8 8
SS 8 8 8 8 8
CHL 8 8 8 8 8
TEMPERAT 8 8 8 8 8
PH 8 8 8 8 8
DO 8 8 8 8 8
AMONIUM 8 8 8 8 8
LIGHT 8 8 8 8 8
P a g e  1
Correlations
PH DO AMONIUM LIGHT
Pearson Correlation FC .029 .063 .463 .784
Retention
time -.300
COor .417 .750
SS .309 -.413 .123 .209
CHL .052 -.243 .058 .102
TEMPERAT .366 .099 .290 .883
PH 1.000 .581 -.151 .196
DO .581 1.000 -.520 .021
AMONiUM -.151 -.520 1.000 .393
LIGHT .196 .021 .393 1.000
Sig. (1-tailed) FC .473 .441 . .124 .011
Retention
time .235 .485 .152 .016
SS .228 .155 .385 .310
CHL .451 .281 .446 .405
TEMPERAT .186 .408 .243 .002
PH . .065 .361 .321
DO .065 .093 .480
AMONIUM .361 .093 .168
LIGHT .321 .480 .168
N FC 8 8 8 8
Retention
time 8 8 8 8
SS 8 8 8 8
CHL 8 8 8 8
TEMPERAT 8 8 8 8
PH 8 8 8 8
DO 8 8 8 8
AMONIUM 8 8 8 8
LIGHT 8 8 8 8
Variables Entered/Removed3
Model
Variables
Entered
Variables 
Removed • Method
1
Retention
Time •
Stepwise
(Criteria:
Probability
-of-F-to-en
ter<=
.050,
Probability 
-of-F-to-re 
move >= 
.100).
a- Dependent Variable: Faecal Coliform (FC)
Model Summaryb
Model R R Square
Adjusted R 
Square
Std. Error of 
the Estimate
1 .905a .819 .789 5.17188
a- Predictors: (Constant), Retention Time
b. Dependent Variable: Faecal Coliform
ANOVAb
Model
Sum of 
Squares df Mean Square F Sig.
1 Regression 728.011 1 728.011 27.217 .002a
Residual 160.490 6 26.748
Total 888.501 7
a. Predictors: (Constant), Retention Time
b. Dependent Variable: Faecal Coliform
Coefficients3
Unstandardized
Coefficients
Standardiz
ed
Coefficient
s
Model B Std. Error Beta t Siq.
1 (Constant) 69.014 3.657 18.872 .000
HRT .986 .189 .905 5.217 .002
Coefficients3
Model
Correlations
Zero-order Partial Part
1 (Constant) 
HRT .905 .905 .905
a- Dependent Variable: Faecal Coliform
Excluded Variables’1
Model Beta In t Sig.
Partial
Correlation
Collinearit 
v Statistics
Tolerance
1 SS .103a .543 .611 .236 .945
CHL .152a .856 .431 .358 1.000
TEMPERAT .178a .816 .451 .343 .673
PH .330a 2.460 .057 .740 .910
DO .078a .415 .696 .182 1.000
AMONIUM .104a .510 .632 .222 .826
LIGHT .240a .902 .409 .374 .437
a. Predictors in the Model: (Constant), Retention Time
b. Dependent Variable: Faecal Coliform
Residuals Statistics3
Minimum Maximum Mean Std. Deviation N
Predicted Value 74.2415 102.5504. 85.5355 10.19812 8
Std. Predicted Value -1.107 1.668 .000 1.000 8
Standard Error of 
Predicted Value 1.85823 3.73906 2.51824 .62845 8
Adjusted Predicted Value 73.6903 106.1096 85.9744 10.79429 8
Residual -7.9438 7.5381 .0000 4.78824 8
Std. Residual -1.536 1.458 .000 .926 8
Stud. Residual -1.804 1.582 -.034 1.066 8
Deleted Residual -10.9593 8.8837 -.4389 6.43158 8
Stud. Deleted Residual -2.435 1.892 -.082 1.281 8
Mahal. Distance .029 2.784 .875 .912 8
Cook’s Distance .002 .618 .182 .232 8
Centered Leverage Value .004 .398 .125 .130 8
a. Dependent Variable: FC
Charts
appendix 16b: Regression between FC removal efficiency and physicochemical parameter (excluded retention time) in the pilot
xperiment in Godalming (light condition)
Descriptive Statistics
Mean Std. Deviation N
FC 85.5355 11.26627 8
SS 2.6288 1.27584 8
CHL 3.1462 1.54388 8
TEMPERAT 19.4625 1.70708 8
PH 7.4150 .52625 8
DO 9.8062 2.38333 8
AMONIUM .7463 .14050 8
LIGHT 314.3750 201.89314 8
Correlations
FC SS CHL TEMPERAT PH
Pearson Correlation FC 1.000 -.114 .149 .638 .029
SS -.114 1.000 .348 .354 .309
CHL .149 .348 1.000 -.215 .052
TEMPERAT .638 .354 -.215 1.000 .366
PH .029 .309 .052 .366 1.000
DO .063 -.413 -.243 .099 .581
AMONIUM .463 .123 .058 .290 -.151
LIGHT .784 .209 .102 .883 .196
Sig. (1-tailed) FC .394 .362 .045 .473
SS .394 .199 .195 .228
CHL .362 .199 .305 .451
TEMPERAT .045 .195 .305 .186
PH .473 .228 .451 .186
DO .441 .155 .281 .408 .065
AMONIUM .124 .385 .446 .243 .361
LIGHT .011 .310 .405 .002 .321
N FC 8 8 8 8 8
SS 8 8 8 8 8
CHL 8 8 8 8 8
TEMPERAT 8 8 8 8 8
PH 8 8 8 8 8
DO 8 8 8 8 8
AMONIUM 8 8 8 8 8
LIGHT 8 8 8 8 8
P a g e  1
Correlations
DO AMONIUM LIGHT
Pearson Correlation FC .063 .463 .784
SS -.413 .123 .209
CHL -.243 .058 .102
TEMPERAT .099 .290 .883
PH .581 -.151 .196
DO 1.000 -.520 .021
AMONIUM -.520 1.000 .393
LIGHT .021 .393 1.000
Sig. (1-tailed) FC .441 .124 .011
SS .155 .385 .310
CHL .281 .446 .405
TEMPERAT .408 .243 .002
PH .065 .361 .321
DO .093 .480
AMONIUM .093 . .168
LIGHT .480 .168
N FC 8 8 8
SS 8 8 8
CHL 8 8 8
TEMPERAT .8 8 8
PH 8 8 8
DO 8 8 8
AMONIUM 8 8 8
LIGHT 8 8 8
Variables Entered/Removed3
Model
Variables
Entered
Variables
Removed Method
1
LIGHT
Stepwise
(Criteria:
Probability
-of-F-to-en
ter <=
.050,
Probability 
-of-F-to-re 
move >= 
.100).
a. Dependent Variable: FC
Model Summary*3
Model R R Square
Adjusted R 
Square
Std. Error of 
the Estimate
1 .784a .615 .551 7.54861
a- Predictors: (Constant), LIGHT
b. Dependent Variable: FC
ANOVAb
Model
Sum of 
Squares df Mean Square F Siq.
1 Regression 546.612 1 546.612 9.593 .021a
Residual 341.889 6 56.982
Total 888.501 7
a. Predictors: (Constant), LIGHT
b. Dependent Variable: FC
Coefficients3
Unstandardized
Coefficients
Standardiz
ed
Coefficient
s
Model B Std. Error Beta t Sig.
1 (Constant) 71.776 5.183 13.849 .000
LIGHT 4.377E-02 .014 .784 3.097 .021
Coefficients3
Model
Correlations
Zero-order Partial Part
1 (Constant) 
LIGHT .784 .784 .784
a* Dependent Variable: FC
Excluded Variables'3
Model Beta In t Sig.
Partial
Correlation
Collinearit 
v Statistics
Tolerance
1 SS -.291a -1.154 .301 -.459 .956
CHL .070a .253 .810 .113 .990
TEMPERAT -.251a -.433 .683 -.190 .220
PH -.ISO3 -.469 .659 -.205 .962
DO .046a .167 .874 .075 1.000
AMONIUM .183a .632 .555 .272 .846
a- Predictors in the Model: (Constant), LIGHT
b. Dependent Variable: FCLIGHT
Residuals Statistics3
Minimum Maximum Mean Std. Deviation N
Predicted Value 76.2837 101.7574 85.5355 8.83671 8
Std. Predicted Value -1.047 1.836 .000 1.000 8
Standard Error of 
Predicted Value 2.74152 5.87835 3.65302 1.01467 8
Adjusted Predicted Value 76.8715 105.5439 86.3088 9.61622 8
Residual -9.1476 15.4068 .0000 6.98866 8
Std. Residual -1.212 2.041 .000 .926 8
Stud. Residual -1.430 2.191 -.042 1.030 8
Deleted Residual -12.7331 17.7477 -.7733 8.74445 8
Stud. Deleted Residual -1.607 4.469 .230 1.799 8
Mahal. Distance .048 3.370 .875 1.081 8
Cook's Distance .000 .401 .127 .173 8
Centered Leverage Value .007 .481 .125 .154 8
a. Dependent Variable: FC
Charts
appendix 16c. Regression between FC removal efficiency and psychochemical parameter in the pilot experiment in Godalming
lark condition).
Descriptive Statistics
Mean Std. Deviation N
FC 78.4670 13.51845 7
Retention
Time 16.0000 10.92981 7
SS 4.5143 1.91436
CHL 4.0214 1.38347 7
TEMPERAT 18.0143 .57570 7
PH 7.4729 .55740
DO 8.7200 2.30463 7
AMONIUM .8614 .14826 7
TURBIDIT 2.5000 .76376 7
Correlations
FC
Retention
Time SS CHL TEMPERAT
Pearson Correlation FC
Retention
1.000 .921 -.158 -.874 .650
time .921 1.000 -.040 -.904 .748
SS -.158 -.040 1.000 .106 -.371
CHL -.874 -.904 .106 1.000 -.827
TEMPERAT .650 .748
r*r^COr -.827 1.000
PH -.253 -.405 .173 .154 -.056
DO .116 -.174 -.194 .305 -.286
AMONIUM .503 .570 -.205 -.804 .906
TURBIDIT -.662 -.498 -.388 .450 -.076
Sig. (1-tailed) FC
Retention
.002
.002 .368 .005 .057
time • .466 .003 .027
SS .368 .466 .410 .206
CHL .005 .003 .410 . .011
TEMPERAT .057 .027 .206 .011
PH .292 .184 .356 .370 .452
DO .402 .354 .339 .253 .267
AMONIUM .125 .091 .330 .015 .002
TURBIDIT .053 .128 .195 .156 .436
N FC
Retention
7 7 7 7 7
time 7 7
SS 7 7
CHL 7 7 7 7 7
TEMPERAT 7 7 7 7 7
PH 7 7 7 7
DO 7 7 7 7 7
AMONIUM 7 7 7 7 7
TURBIDIT 7 7 7 7 7
Page 1
Correlations
PH DO AMONIUM TURBIDIT
Pearson Correlation FC -.253 .116 .503 -.662
Retention
time -.405 -.174 .570 -.498
SS .173 -.194 -.205 -.388
CHL .154 .305 -.804 .450
TEMPERAT -.056 -.286 .906 -.076
PH 1.000 .325 .255 -.235
DO .325 1.000 -.384 -.452
AMONIUM .255 -.384 1.000 -.118
TURBIDIT -.235 -.452 -.118 1.000
Sig. (1-tailed) FC .292 .402 .125 .053
Retention
time .184 .354 .091 .128
SS .356 .339 .330 .195
CHL .370 .253 .015 .156
TEMPERAT .452 .267 .002 .436
PH • .238 .291 .306
DO .238 .197 .154
AMONIUM .291 .197 .401
TURBIDIT .306 .154 .401 .
N FC 7 7 7
Retention
time 7 7 7 7
SS 7 7 7 7
CHL 7 7 7 7
TEMPERAT 7 7 7 7
PH 7 7 7 7
DO 7 7 7 7
AMONIUM 7 7 7 7
TURBIDIT 7 7 7 7
Variables Entered/Removed3
Model
Variables
Entered
Variables
Removed Method
1
Retention
time •
Stepwise
(Criteria:
Probability
-of-F-to-en
ter <=
.050,
Probability 
-of-F-to-re 
move >= 
.100).
a. Dependent Variable: Faecal Coliform
Model Summary
Model R R Square
Adjusted R 
Square
Std. Error of 
the Estimate
1 .921a .849 .818 5.76343
a. Predictors: (Constant), Retention Time
ANOVAb
Model
Sum of 
Squares df Mean Square F Siq.
1 Regression 930.405 1 930.405 28.010 .003a
Residual 166.085 5 33.217
Total . 1096.490 6
a- Predictors: (Constant), Retention Time 
b. Dependent Variable: FC
Coefficients3
Model
Unstandardized
Coefficients
Standardiz
ed
Coefficient
s
t Siq.B Std. Error Beta
1 (Constant) 60.238 4.075 14.781 .000
Retention
Time 1.139 .215 .921 5.292 .003
Coefficients3
Model
Correlations
Zero-order Partial Part
1 (Constant)
Retention
Time .921 .921 .921
a. Dependent Variable: FC
Excluded Variables13
Model Beta In t Siq.
Partial
Correlation
Collinearit 
v Statistics
Tolerance
1 SS -.1223 -.659 .546 -.313 .998
CHL -.224a -.507 .639 -.246 .183
TEMPERAT -.088a -.305 .776 -.151 .440
PH .144a .718 .513 .338 .836
DO .285a 2.078 .106 .721 .970
AMONIUM -.032a -.137 .897 -.069 .675
TURBIDIT -.270a -1.507 .206 -.602 .752
a. Predictors in the Model: (Constant), Retention Time
b. Dependent Variable: Faecal Coliform
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Appendix 17c. Regression between FC removal efficiency and psychochemical parameter in the South lagoon. 
Descriptive Statistics
Mean Std. Deviation N
FC 95.9314 3.87804 20
TEMPERAT 14.5350 .92922 20
PH 7.5160 .17068 20
AMONIUM ' 5.0050 2.43451 20
DO 4.4825 .56020 20
TURBIDIT 1.8500 1.69442 20
LIGHT 667.3500 345.29625 20
NRT 4.2610 1.66224 20
Correlations
FC TEMPERAT PH AMONIUM DO '
Pearson Correlation FC 1.000 -.375 -.205 .224 .604
TEMPERAT -.375 1.000 -.280 -.675 .209
PH -.205 -.280 1.000 .741 -.557
AMONIUM .224 -.675 .741 1.000 -.442
DO .604 .209 -.557 -.442 1.000
TURBIDIT .262 -.093 -.372 -.102 .215
LIGHT .511 -.082 -.530 -.350 .375
NRT .133 -.460 .257 .326 -.186
Sig. (1-tailed) FC .052 .193 .171 .002
TEMPERAT .052 .116 .001 .188
PH .193 .116 .000 .005
AMONIUM .171 .001 .000 .025
DO .002 .188 .005 .025
TURBIDIT .132 .348 .053 .335 .181
LIGHT .011 .366 .008 .065 .052
NRT .288 .021 .137 .081 .216
N FC 20 20 20 20 20
TEMPERAT 20 20 20 20 20
PH 20 20 20 20 20
AMONIUM 20 20 20 20 20
DO 20 20 20 20 20
TURBIDIT 20 20 20 20 20
l ig h t ' 20 20 20 20 20
NRT 20 20 20 20 20
Correlations
TURBIDIT LIGHT NRT
Pearson Correlation FC .262 .511 .133
TEMPERAT -.093 -.082 -.460
PH -.372 -.530 .257
AMONIUM -.102 -.350 .326
DO .215 .375
COCOl"
TURBIDIT 1.000 .250 -.212
LIGHT .250 1.000 -.029
NRT -.212 -.029 1.000
Sig. (1-tailed) FC .132 .011 .288
TEMPERAT .348 .366 .021
PH .053 .008 .137
AMONIUM .335 .065 .081
DO .181 .052 .216
TURBIDIT .144 .185
LIGHT .144 . .452
NRT .185 .452
N FC 20 20 20
TEMPERAT 20 20 20
PH 20 20 20
AMONIUM 20 20 20
DO 20 20 20
TURBIDIT 20 20 20
LIGHT 20 20 20
NRT 20 20 20
Variables Entered/Removed3
Model
Variables
Entered
Variables
Removed Method
1
DO •
Stepwise 
(Criteria: 
Probability 
-of-F-to-en 
ter <=
.050,
Probability 
-of-F-to-re 
move >= 
.100). . .
2
AMONIUM •
Stepwise
(Criteria:
Probability
-of-F-to-en
ter <=
.050,
Probability 
-of-F-to-re 
move >= 
.100).
3
LIGHT
Stepwise
(Criteria:
Probability
-of-F-to-en
ter <=
.050,
Probability 
-of-F-to-re 
move >= 
.100).
3. Dependent Variable: FC
Model Summary
Model R R Square
Adjusted R 
Square
Std. Error of 
the Estimate
1 .604a .365 .330 3.17505
2 .815b .665 .625 2.37391
3 .926° .857 .830 1.59755
a- Predictors: (Constant), DO 
b. Predictors: (Constant), DO, AMONIUM
c. Predictors: (Constant), DO, AMONiUM, LIGHT
ANOVAd
Model
Sum of 
Squares df Mean Square F Siq.
1 Regression 104.288 1 104.288 10.345 .005*
Residual 181.457 18 10.081
Total 285.745 19
2 Regression 189.942 2 94.971 16.852 .000b
Residual 95.803 17 5.635
Total 285.745 19
3 Regression 244.910 3 81.637 31.987 .000°
Residual 40.835 16 2.552
Total 285.745 19
a. Predictors: (Constant), DO
b. Predictors: (Constant), DO, AMONIUM
c. Predictors: (Constant), DO, AMONIUM, LIGHT
d. Dependent Variable: FC
Coefficients*
Model
Unstandardized
Coefficients
Standardiz
ed
Coefficient
s
t Siq.B Std. Error Beta
1 (Constant) 77.185 5.872 13.146 .000
DO 4.182 1.300 .604 3.216 .005
2 (Constant) 63.945 5.550 11.521 .000
DO 6.050 1.084 .874 5.582 .000
AMONIUM .972 .249 .610 3.899 .001
3 (Constant) 63.548 3.736 17.009 .000
DO 5.130 .756 .741 6.787 .000
AMONIUM 1.149 .172 .721 6.678 .000
LIGHT 5.450E-03 .001 .485 4.641 .000
Coefficients3
Correlations
Model Zero-order Partial Part
1 (Constant)
DO . .604 .604 .604
2 (Constant)
DO .604 .804 .784
AMONIUM .224 .687 .548
3 (Constant)
DO .604 .862 .641
AMONIUM .224 .858 .631
LIGHT .511 .757 .439
a. Dependent Variable: FC
Excluded Variablesd
Model Beta In t Sip.
Partial
Correlation
Collinearit 
v Statistics
Tolerance
1 TEMPERAT -.524a -3.463 .003 -.643 .956
PH .191a .839 .413 .199 .689
AMONIUM .610a 3.899 .001 .687 .805
TURBIDIT .139a .713 .486 .170 .954
LIGHT .331a 1.717 .104 .384 .859
NRT .254a 1.361 .191 .314 .965
2 TEMPERAT -.273b -1.468 .162 -.344 .535
PH -.441b -2.147 .047 -.473 .385
TURBIDIT .143b .997 .334 .242 .954
LIGHT .485b 4.641 .000 .757 .817
NRT .109b .720 .482 .177 .892
3 TEMPERAT -.008° -.054 .957 -.014 .430
PH -.208° -1.295 .215 -.317 .332
TURBIDIT .060° .597 .559 .152 .919
NRT .057° .551 .590 .141 .880
a- Predictors in the Model: (Constant), DO
b. Predictors in the Model: (Constant), DO, AMONIUM
c. Predictors in the Model: (Constant), DO, AMONIUM, LIGHT
d. Dependent Variable: FC
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Appendix 20. Raw data from die-off constant at 14.5 °C
Date
8/5/03
9/5/03
12/5/03
13/05/03
time Elapsed time (hrs) FC/100 ml FS/100 ml
8/5/03 10:00 AM 0.00 3.00E+04 3.00E+03
8/5/03 12:00 PM 2.00 7.20E+04 2.25E+03
8/5/03 13:00 3.00 3.70E+04 2.35E+03
8/5/03 14:00 4.00 1.55E+04 5.00E+03
8/5/0315:00 5.00 5.50E+04 1.50E+03
8/5/03 16:00 6.00 3.05E+04 1.50E+03
8/5/0317:00 7.00 6.00E+04 1.90E+03
8/5/03 9:30 23.00 1.20E+04 1.00E+02
9/5/03 10:30 24.00 1.18E+04 9.80E+02
9/5/03 11:15 25.00 1.09E+04 9.45E+02
9/5/03 0:00 26.00 8.60E+03 8.90E+02
9/5/0313:00 27.00 8.00E+03 7.50E+02
9/5/0313:45 28.00 7.65E+03 6.95E+02
12/5/03 9:30 72.00 1.56E+02 1.00E+01
12/5/03 10:30 73.00 1.86E+02 1.00E+01
12/5/03 11:30 74.00 1.53E+02 1.00E+00
12/5/03 12:30 75.00 1.00E+02 1.00E+01
12/5/03 13:30 76.00 6.80E+01 1.00E+01
12/5/03 14:30 77.00 1.16E+02 1.00E+01
12/5/03 15:30 78.00 1.50E+02 1.00E+01
13/5/2003 10:00:00 AM 98.00 5.70E+01
13/5/2003 10:40:00 AM 99.00 5.00E+01
13/5/2003 11:10:00 AM 99.50 6.90E+01
13/5/2003 12:10:00 PM 100.00 5.10E+01
13/5/2003 1:00:00 PM 100.50 8.60E+01
13/5/2003 1:45:00 PM 101.00 6.50E+01
Appendix 21. Notes on Reynolds Number.
The Reynolds Number is a non-dimensional parameter which determines the flow 
regime in a system. In this context the flow regime can be either laminar or 
transitional or turbulent. This dimensionless parameter is named after Osborne 
Reynolds (1842-1912) who was the Professor of Engineering in Owens College, 
Manchester.
The Reynolds Number Re is defined as;
where;
L  - characteristic length (m)
V  - characteristic velocity o f flow (m/s)(generally mean velocity is
considered) 
v  - kinematic viscosity (m2/s)
The Kinematic viscosity in water can vary from 1.14 x 1 O'6 m2/s at 15°C to 0.56 x KT6 
m2/s at 500 C
In order to establish Re for laminar and turbulent flow regime, experiments were 
conducted in pipes and channels. In the experiments related to pipes the characteristic 
length was chosen as the diameter of the pipe. The experiments in pipes indicated that 
when Re < 2000 laminar flow prevailed in pipe flow. A full turbulent flow was 
established when Re > 3000 (Wikipedia, 2003, Webber 1971). When Re is between 
2000 and 3000 the flow regime is defined as transitional.
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Figure 1 -  Flow Regime in Pipes (Massey, 1989)
In channel flows the characteristic length is defined as the hydraulic mean radius Hr 
which is the ratio of flow area to wetted parameter (Chow, 1959, French, 1986). 
Based on this definition of characteristic length experiments on channels indicated 
that the flow is laminar when Re is less than 500, and when Re exceeds 2000 
turbulent flow prevails in the system (Chow, 1959, French 1986). In channels the 
transitional flow regime exists when Re is in the range of 500 to 2000.
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Figure 2 -  Flow Regime in Channels (Chow, 1959)
Waste stabilisation ponds (WSPs) are open systems and can be classified as a narrow 
or wide channel. Based on this analogy Re for WSPs can be defined as:
_ VHr
R e = — _L (2)
v  v '
For a rectangular pond the hydraulic mean radius is given by:
(wz)
r (W + 2Z) ®
where:
W  - width of channel (m)
Z - depth of flow (m)
The hydraulic retention time of the pond is defined in terms of its length (L) and the 
characteristic velocity of the pond by the following expression:
(4)
By substituting equations (3) and (4) into equation (2) we obtain:
R e = _ M L _  m
(W + 2Z))Rt ( ^
This is similar to the equation produced by Polprasert and Bhattarai (1985) but 
without a factor of 4 in the expression. It should be noted that the hydraulic retention 
time of a pipe is equivalent to Dt4 (which is obtained by dividing the area of the pipe 
by its perimeter). Based on the analogy of pipe systems, for a pond a factor of 4 is 
introduced by Polprasert and Bhattarai in their equation.
In waste stabilisation ponds one cannot expect that the velocity is uniform in the 
system. A recommended approach is to use the actual retention time in equation (5) 
rather than the nominal retention time. This approach will provide a better framework 
for comparing the flow regime in the pond.
Conclusion
It is recommended to use equation (5) with the effective retention time to evaluate the 
flow regime in a pond system. This approach is consistent with the procedures applied 
to an open water body. Using the actual retention time instead of the nominal 
retention time will provide a sound basis to compare the flow regime in an open water 
body.
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